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ABSTRACT 


The room temperature mechanical properties of three 
superplastic high-Magnesiun, Aluminum-Magnesiun alloys 
(Al~10Mg-0.1Zr, Al-10Mg-0.5Mn, A1-10Mg-0.4Cu) were evaluated 
after simulated superplastic forming at warm temperature. 
The alloys were initially processed to produce Superplastic 
response. They were then deformed at 300 C to strains of 
100 to 200 % at strain rates of 1.7X1073 S71! or 1.7X10-2 S71 
and samples remackined for ambient temperature testing. 
Results indicate yield strengths of about 276 Mpa (40 KSI) 
are attainable with ductility varying from about 1 to 14 
percent elongation at fracture. Jltimate strengtas corre- 
spondingly vary up to about 517 MPa (75 KSI). Origin of the 


variability in ductility is considered. 
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I. INTRODUCTIO 


In recent years there has been considerable research on 
Superplastic alloys. Superplastic alloys in general exanibit 
elongations tc failure of 200% or more under appropriate 
conditions of temperature and strain rate. The driving force 


behind this effort was the many favorable applications 


for these alloys, such as: (1) application of plastics 
industry forming methods to metals; (2) ability to forn 
complex shapes in one piece; (3) elimination of fasteners 


and welds in high strength componentS with complicated 
geonetries; (4) employment of non heat-treatable alioys by 
elimination of post forming welds. Research at tne Naval 
Postgraduate School {NPS) has concentrated on high-MagnesSiun 
AluminumMagneSium alloys. The goal of this reSearch is to 
determine which of these high-strength, light-weight Al-Ng 
alloys were suitable for aircratt, missile and spacecrart 
CensrEuction. 

Previous research at NPS -on high-Mg, Al-Mg alloys has 
developed a thermomechanical process (TMP) to achieve super- 
plastic response ina number of these alloys [Refs. 1,2]. 
Others at NPS have investigated the mechanical properties of 
these same alloys while in the Ssuperplastic regime. 

The purpcse of this research iS to investigate the 
retained ambient temperature properties of three high-iig, 
Al-Mg alloys after simulated sSuperplastic forming. The 
Choice of alloys from among those previously investigated at 
NPS was made on the basis of those Showing the best super- 
plastic ductilities at a warm forming temperature of 300 C 
and strain rates of 1073 S~! to 10-2 S~!. The higher strain 
rates for supferplastic forming were chosen with an eye 
toward potential application of these alloys; it is gener- 
ally recognized that the relatively low strain rates for 


Superplastic flow in many alloys restrict their userulness. 
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Superplastic deformation to manufacture certain components 
is currently being used by a number of companies including 
Pratt and Whitney [Ref. 3] and Rockwell International 
[ Ref. 4]. Since 1981 British Alcan Aluminum has had one 
Subsidiary, Superrorm Metals Limited, focusing only on 
Superplastic forming of Aluminum alloys. 

This thesis presents the data obtained from the micros- 
tructural examination conducted using optical microscopy to 
assist in the evaluation of the test results as well as the 
results from the mechanical testing of the as rolled and 
Superplastically deformed Aluminum-Magnesium alloys. Review 
of this work and new questions are posed for subsequent 


investigation. 
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II. BACKGROUND 


Ae ALUBINUS-MAGNESIUM ALLOYS 

Aluminum alloys offer several advantages when compared 
to steels and Ti-alloys, such as low density, good ductility 
and good fracture toughness. Higher strength aluminuna 
alloys get their increased strength mainly from solid solu- 
tion and precipitation strengthening. The Lrormation of the 
second phase precipitate retards dislocation motion and 
grain growth. The aluminum-magnesium alloy system has been 
extensively studied at the Naval Postgraduate School. at 
was selected because of its good strength to weight ratio, 
lower density, higher ductility and better corrosion resis- 
tance than other high strength aluminum alloys. The strengtn 
of Al-ig allicys can be improved through warm working at a 
temperature kelow the Mg-solvus but above 200 C. Warn 
working produces a fine dispersion of the beta phase 
(MgcAlgo), and increases the strength through a combination 
of dislocaticn substructure, dispersion and solid solution 
strengtheniag. 

Solid solution strengthening 1s due to retardation of 
dislocation motion due to solute interaction with the stress 
fields of the dislocation. Dislocation Substructuses 
present barriers to disiocaticn motion and hence provide a 
form of strain hardening. Dispersion strengthening refers to 
the blockage of dislocation motion by the presence of the 


dispersed particles. 


Be SUPERPLASTIC BEHAVIOR 

The phenomenon of superplasticity 1S considered to be 
the ability of a material to deform to high tensile elonga- 
tions (usuaily in excess of 200%). The generally agreed 
reguirements tor achieving superplastic response are: 1) 


elevated tenperatures in the range or 0.5 to 0./ Tm; 2) a 
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second phase with strength comparable to the parent matrix; 
3) a fine, equiaxed grain structure with high angle grain 
boundaries; 4) a thermally stabie microstructure; 5) high 
strain rate sensitivity; and (6) resistance to cavitation. 

Typically, grain sizes less than 10 mm are necessary to 
achieve superplastic behavior. The grain size effect on 
Superplastic flow has been shown by Sherby and Wadsworth 
{[Ref. 5] to be of tie forn: 


¢ 


6 = (Dap¢/aF) £ (6) (eqn 2.1) 


where ‘ is the strain rate, pis the grain size exponent, a 
1s the grain size and Dig¢is the effective diffusion coeffi- 
cient. The above equation shows that the o stress required 
for deformation will have to increase for a given strain 
rate 1f£ grain growth occurs during Superplastic riow. —Inas 
grain growth during deformation would, in effect, result in 
"strain hardening". Iacreased grain size results in larger 
diffusion distances; this causes the dirfusion flux to 
decrease for a given strength and tne result 1S an appar- 
ently stronger, more creep-resistant material. 

Two explanations of superplastic behavior frequently 
presented are: Nabarro-Herring diffusion creep [Ref. 6] and 
(2) Coble diffusion creep [Ref. 7]. In Nabdarro-Herring 
creep, lattice diffusion is the rate ccntrolling process. In 
eguation 2.1 Dee = Dy and the grain size exponent p=zZ. In 
Coble creep, grain boundary diffusion is the rate control- 
ling precess andin 2.1 Dic¢ = Ms bd-! and p=3. Although 
neither of these processes tully describe superplastic 
behavior, experimental observation of Dicp and Pp have been 
made which sufport these models [Ref. 5]. 

The above models predict strain rates far below those 
actually opserved. In addition they predict a lengthening 
of the grains in tne direction of major tensile strains 


which is in conflict with the experimental opservation of 
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Superplastically deformed materials. AKSimwy aAnGweVerrail 
[BRef. 8} have proposed a creep amodei pasea on diffusional 
effectS waich 1S wore consistent witn tne Strain rates and 
post-deieEmatichmemicrostructure experimentaily opserved. 


Their model is expressed as: 
€ = (98D3L,, skTd2) (6-0.72F/d) (1+ (7S LDEsaD,) (egn 2.2) 


where / is tne grain poundary surface energy, 6 1S the grain 
Deuaiiidaryetnickiess, D, is the bounacary diffusivity, Dy,is 
the volume difrusiavity, 6 is the applied stress, Kk is 
Boltzman's conStart, T 1s the abSolLute temperature, Dis the 
Burger's vector, c¢ is the steady state creep rate ana dis 
HNO sc Basi RwSHwee. Poult Comes R@iS Al deb PWistr a t.0 NetO Deter 
basis of the AShpy-Verrali modei. This ,goagel Snows indi- 
yvedtialt” gragims Movang and coanginj tnelr relative positions 


Reed eamonooundasy sladang wltn dirfusional acconmodation. 


Faoure. 2.1 Ashby-Verrall Grain Boundary Sliding Model. 
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Several alternate models which focus on grain boundary 
sliding with slip accommodation have been proposed. In addi- 
tion, at high stresses, it is generally accepted that the 
deformation mcde is that of dislocation creep [Ref. 9]. 

The high temperatures, 0.5 to 0.7 Tm (where Tm = melting 
point) used during superplastic forming require a material 
which has a microstructure which iS resistant to grain 
growth. This reguires some form of grain boundary pinning. 


The Zener-Mclean relationship, 
d = (4r/3f) (eqn 2.3) 


where d is the distance between pinning particles of radius 
rand volume fraction f, states that a fine precipitate size 
will enhance a materials ability to resist grain growth. The 
particles pinning tne grain boundary should be of a strength 
Similar to that of the matrix to allow for their deformation 
during IMP and subsequent superplastic forming. If they do 
not deform they will cause cavities to form in the material. 
Stowell [Ref. 10] notes that cavitation may result from the - 
decohesion of the particleY matrix interface during plastic 
deformation. 

In the analysis oz deformation at high temperature, 
particularly superplastic be¢ehavior, the flow stress is 
related to the strain rate by a power law eyuation. Hedworth 
and Stowell state the relation as: [Ref. 11] 


rm 
Oo =KE (eqn 2.4) 
where o41s the flow stress, K 1S a microstructure anda 
temperature dependent materlLal constant, is the strain rate 
and m iS the strain rate Sensitivity coefficient. The coef- 
ficient is defined as 


m= (d(1n6) /d(lné)) (eqn 2.5) 
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and 1s usually experimentally determined from a log-log plot 
of stress versus strain rate for the material of concern. 


Superplastic materials typically have m values of 0.3 to 


Ou). The models above (Nabarro-Herring, Coble) predict m = 
his Ashby-Verrall also suggest m tends toward Ve 
Experimental observation is m< 1, usually nearer 0.5. 


Hence, purely diffusional models are not adequate. Also, as 
McNelley- Lee-Mills (Ref. 12] and Lee-McNelley-Stengel 
f Ref. 13) report, these alloys are superplastic but have a 
fine subgrain microstructure rather than a fine grain 
microstructure. Both Mills and Stengel [Refs. 14,15: pp. 
30, 40] have observed continuous, dynamic recrystallization 
with grain growth in these alloys during warm (300 C) defor~ 
Mation. With respect to equation 2.1 thiS grain growth would 
result in strain hardening of the material. After super- 
plastic £onaIng, these alloys have a fine grain/subdgrain 


structure with a dispersion of precipitate particles. 


C. RETAINED AMBIENT TEMPERATURE PROPERTIES 

The high yield strengths, about 300 MPa, of these alloys 
are attributable to several factors: solid solution 
strengthening; grain size refinemeat and precipitation hara- 
ening. In aluminum Magnesium alloys the najor strengthening 
is due to the magnesium in solid solution. Labusch 
[Ref. 16: p. 1% ]gives the yield stress due to solid 
solution hardening as: 

Ty b = (Fea € 2x) /T" (eqn 2.6) 
Where Ty PS the yield Stress, Depowtnemairger Ss vector, Ff. 
1s the retarding force on dislocations due to the solute 
interaction c is the concentration of the solutes, 2iS the 
distance from tne slip plane to the solute, « i1sS a numer- 
ical factor on the order of unity and Tis the tension in 
the dislocation line. Meyers and Chawla [kef. 26: p. 399] 


aiso cite the solute atoms as the cause for serrated stress 
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strain curves. The serrations in stress-~Strain curves are 
Manifestations of the Portevin-Le Chatelier effect. This 
arrises whenthe soiute atoms are able to diffuse about as 
fast as the displacement speed of the dislocations (imposed 
by the applied strain rate) and therefore are able to lock 
up the dislocations. Eventually, with increasing stress, the 
dislocations rreak free causing a drop in the stress-strain 
curve. This process repeats itself cauSing tne serrations 
in the stress-strain curve. 

The small grain size reguired for good superplasticity 
may contribute to the ambient temperature strength. The 
Hall-Petch reiation 


6 = 6+ K/’D) (equa) 


wiere"™) 15 the grain Size, oOo is the jteldus teem un,0, fod 
frictional stress required to move dislocations and K isa 
material constant. The Hall-Petch model is based on the 
Piling up of dislocations against obstacles such as grain 
boundaries. Thais concentrates the stresses until they are 
high enough to cause yielding. Precipitation nardening in 
these alloys has a lesser effect than the above two effects. 

The presence of cavities formed during rolling or super- 
plastic forming would be detrimental to fracture toughness. 


The effect can be expressed by the relation: 
K =)iea/To ) (eqn (2.20) 


where7is the applied stress, ais the length of a preex- 
LSting.crack apd kK 1s the fracture toughness expressed 
in M . The size of the voids formed may be large enough to 
serve as crack-like defects of length a. At high strengths, 


amay be suftacient to induce brittie-like fracture. 
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D. ALLCYING ADDITIONS 

the opening paragrapn of tkis Ghaetel acgamessec the 
eftect of tue Magnesium additicn to ne Ailuminim Figure <.2 
Snows the pinary Al-Ng phase Glagram. Of particular note is 


Pneweutiecerc at 451Cc. A major precipitate in all tnree of 


these alloys is tne binary beta phase, (MgsAlg). 





ZI 








, 17.4% ~34% 
= vA Mg. Al, + € 
| 


Al+ Mg. Al, NU y 








Figure 2.2 Phase Diagram for the Aluminum-Magnesium Systen. 


Pigeee 2.4 if the partial ternary pnaSe diagram tor tne 
Diaidean eaysten. at the alloying levels in the alloys 
considered by thisS work, the apparent i1nter@etailic pnase 
Present would pe MnAl . This has peen confirnec Ey selected 
area diffraction work conducteij my Seargq (ket. 377 on this 


annoy « Tae finely dispersed particles of MnAl CaCl tate 
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formation of subgrains and hinder grain growth ir Aluninun 
alloys. Manganese ain soiuticn has <aiittle or no effect on 
grain size. kecrystallization and precipitation overlap ana 
interact strongly wats the MagneSium adaition. At tempera- 
tures below 650 K, precipitation precedes recrystailization. 
(Ref. 18] Manganese and wtagneSium have an additive errect on 


the mechanical froperties or this alloy syster. 





\ 


(MqMn), Al,! 


ee, 


EA gUEeCm 2.3 Phase Diagram for the Al1-Mg-Mn Systen. 


Copper 1s adaea to Aluminum alloys to increase tne strength 
ot the alloy at 1Ow temperatures sby neat treatment, and at 
hign temperatures through the ‘formation of compounds wita 
Other metals. Copper 1S a grain refiner in Aluf@inum alloys. 
At the temperatures and concentrations considered in this 
researcn the compoSition of the aintermetallic would se 
CuM@,Al,. Figure 2.4 1S a4 copy of the AL-MG-Cuy pase avagedat 
taken from Mondolto [kef. 18: p. 498], 
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Figure 2.4 Partiai Phase Diagram for the Al-Mg-Cu Systen. 


Es PREVIOUS WORK 

AlumiLum-Gagnesiun adiloysS have feen tne sSunject cz 
extensive investigation and study at tne Navai postgraduate 
Semool. Pommlicwmng GCadklilecr@work ats. Jonnson [Ref. 1], 
Standardized the thermomechanicai processiny of tne 6-10% 
aluminum magnesium alloys. ie ences ema. LOS, he reported 
good ductility and material strength twice that of 5XXX 
alloys. His precedaure was to solution treat the taterial at 
4“4YQ C for nine nours, not work, anneal for one hour at 440 
C, Guench, and then warm roll. Jonnson used warm rolling 
temperatures in tne range from 200 C to 340 C. he concluded 
that the beta pnase (A18Mg5) contributed by dispersion 
Seger qrmmieurag to Che Align Strengtanh and good ductility round 
1n these alloys. 
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Shirah [Ref. 19], improved the microstructural homoge- 
neity by increasing the solution treatment time to 24 hours. 
This extended treatment minimized precipitate banding while 
not effecting grain growth. 

Becker [Ref. 2], combined previous work, and developed 
the procedures for isothermal tensile testing at elevated 
temperatures. His testing centered around temperatures of 
250 C and 300 C.~. His work concentrated on the A1-8Mg-0.4Cu 
and A1l1-10Mg-0.5Mn alloys. Becker observed superplastic 
elongations up to 400%, and concluded that the higher magne- 
Slum content in the 10Mg-0.5Mn alloy stabilized grain size 
and extended the range of superplastic behavior to higher 
tem peratures. 

Malis [Ref. 14], extended Becker's WOrTK on the 
Al-10Mg-0.5Mn alloy over a larger temperature range and for 
additional strain cates. He found activation energies and 
strain rate senSitivity coefficients consistent with those 
in the literature. Self [ Ref. 20] looked at several aluminun 
magnesium addoys sinetudrng: Al=Wie-022in, MS Shg=0.4Cue 
Nisoetg-= 0.4Cu-O02 Sin, Al—-SNg, “Al- 10NG aided —1 dig. Oo. 5 cue He 
found the use of copper on an equal weight percentage as 
effective as the use of Manganese to promote superplas- 
tiGakey The primary benefit of Manganese 1S aS a grain 
refiner where as Copper homogenizes the microstructure and 
has some grain refinement apility. Stengei [{Ref. 15] 
continued the work of Becker and Milis on the A1-10Mg-0.5Mn 


alloy by using five different annealing treatments following 


marl EO Llane Soe found that annealing below the roliing 
temperature, at 200 C, enhanced the superplasticity. She 
also Copgisugied that recrystalization strengthened the 


microstructure but resulted in decreased ductility. 

Alcamo [Ref. 21] looked at both Al=8tig=0. 1ZBand 
Al-10Mg-0.1Zr alloys. After initial evaluatioz of the super- 
plastic response of both alloys, he concentrated his 


research on the 10% Mg ailoy. Alcamo did extensive testing 
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SHeeeiemAL- VONG—-O. iZr alloy at 300 Cc. He evaluated the 
variation in the strain rate sensitivity coefficient, na, 
with variation in strain and strain rate. He also studied 
microstructural changes in this alloy using transmission 
electron microscopy (TEM) for strains varying from 8% to 
267% at two different strain rates. The information gained 
using TEM was used to correlate how 7, ¢ , E e adandm vary 
with deformation. Berthold [{Ref. 22] and Hartmann [Ref. 23] 
concurrently with Alcano did extensive research on the 
Ai Pome 7T al oy. Berthold concentrated on microstructural 
aspects, examining the Microstructural changes during 
processing as well as after fracture at varius temperatures 
and strain rates for as rolled, annealed and recrystalized 
Samples. Hartmann did extensive mechanical testing at 
various temperatures and strain Cates for as rolled, 
annealed and recrystallized samples to determine activation 


energies and strain rate sensitivity coefficients. 


III. EXPERIMENTAL PROCEDUR 


Se eS ee Se ae es ee 


Ae MATERIAL PROCESSING 

The three alloys studied in this research were direct- 
chill cast at the ALCOA Technical Center, Alcoa Center, PA. 
Each ingot waS produced using 99.99% Aluminum base metal and 
was alloyed to the desired composition using commercially 
pure alloying materials and therefore they have low Si and 
Fe content. 5% Be-Aai master alloy and 5% T1-0.2% B-Al trod 
were added for oxidation and grain size control respectively 
during casting. As-received ingots 501300A and 501301A 
measured 127 mm (5in.~) in diameter by 1016 mm (40 ine). in 
length. As~-received ingot $572826 measured 152 mm (6 in.) 
in diameter by 1016 mm (40 in.) in length. The composition 
of each alloy is listed in Table I Analysis of Ingot content 
was provided Ey ALCOA Technical Center [{Ref. 24]. 


TABLE I 
ALLOY COMPOSITION (WEIGHT PERCENT) 


SER. NUM. Ag Cu Mn 22 Si Fe Ti Be 
501300A Oe 0.00 Oso2 0.00) 0208 G-03 0201 O200iee 
501301A 10.3 0.41 0.00 0.00 0.01 0.03 0.01 0.0002 


S572826 9.89 0.00 0-00 0.09, 02:01 0-03 0.01 QOenOCZ 


The ingots were sectioned to produce billets or dimen- 
sions 96 mm (3. 75°10), %99320 nie (le 2550 fe 2. CD eee 
These dimensions were selected to facilitate subsequent 
processing of the billets with available equipment. The 
procedure ror the thermomechanical processing of . the 
bkillets is similar to that developed by Johnson, [Ref. 1: p. 
10] and refined by Becker [Ref. 2]. Figure 3.11i1S a sche- 
matic diagram showing the stepS in the thermomechanical 


processing (TMP). 
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Tne biliets were solution treated for 24 hours at the 
temperatures indicated in Table II . 

Two solution treatment teiperatures were cnosen for potn 
Cicweeemniee.I Ze sand Al-104g-@.54n asloys to investigate 
the effect of solution treatment temperature on retained 
techanical properties tor both of these alloys. The solu- 
tion treatment temperature for the Al-1UMy-0.4Cu was lowered 


Peomeereoweeeeas used Dy Seif, [Ref. 20: pj 10] to 425 C to 
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TABLE II 
SOLUTION TREATMENT TEMPERATURE 


ALLOY TEMPERATURE 
A= UG = Oesia ~ G40 C 
A= OMG =O Zi 490 C 
IE UIs) 5 sielie 44Q C 
AL VOhg-0.5 40 290. ¢ 
A1-10Mg-0.4Cu 425 C 


reduce the possibility of partial melting due to the close 
proximity of the ternary eltectic temperature in “eas 
Al-<Mg-Cu alloy. In the rolling of this alloy (as described 
below) intergrannular cracking, wasS encountered with some 
billets when prior soiution treating was done at 440 c. 
Reduction or the solution treatment temperature elininated 
this problen. 

The billets were then upset forged to approximately 29 


Nine (lees ie on platens heated to the solution treatment 
temperature, annealed at the solution treating temperature 
for one hour and then vigorously oil guenched. This hot 


working reduced the billets by approximately 70%, equivalent 
to a true strain of about 1.2. Warm rolling was then done at 
300 C within 24 hours of upset forging, in the manner 
described by [Ref. 14: p.10] Isothermal rolling was aesireda 
So each billet was placed in the furnace for 30 minutes to 
heat from room temperature to 300 C before the first rolling 
pass. Interrpass reheating times were controlied according 


to the scnedule tcelow: 


TABLE Wit 
REHEAT TIME--THICKNESS REDUCTION SCHEDULE 


Billet thickness Reaeat Time Thickness Reduction 

> 25 mm (> 1.0 in) | 10 min 1 mm/pass (.04 in/pass) 
12mm to 25mm {- 3 tO bogeien 8 min 1 mm/pass (.04 in/pass) 
jinn “coe Il2nnees to 25e1n 6 min 1 mm/pass (.04 in/pass) 
SNM. tO 70M (so 2ee oes seen 6 min -/5mmn/pass t- 33 in/ pass) 

<5 mn (<“Oeeein) 6 min -20mm/pass (.02 in/pass) 
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maem Deelet was rolled to a thickness of about 3.8 ma 
(-15 in) thickness. This required about 2& passes, resulting 
in a final warm reduction of approxlfateiy 63%, equivalent 
Mempanetrue train for apout 1.c. Figure 3.2 Shows on a 
portion of the Al~Mg phase diagram where the sot ana warn 


working were done. 
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Faugure 3. 2 Portion of the Al-Mg Phase Diagrak Showing 


Where Material Processing was Done. 


Be SPECIMEN FABRICATION 

ror ta2 simulated superplastic warm forming, two blanks 
were cut from eaci Tolised sneet. The plank dimensions were 
146 mm (52.75 25)” 16  Lenger by eo) Cie i) Ly WoC. 
These were macnined to give nominal gage dimensions of 20.30 
mm (0.380059 pn) "= utatheand 50.80 min” (2ceUe in). length. thar 
gave a gage width to iengtr ratio ‘of 1to 2.5. Shoulder 
curvature ror these Specimens was 6.35 om (0.25 in). Figure 


3.3 SnowS tnis Specimen geometry. 
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Figure 3.3 Superplastic Deformation Specimen Geometry. 
Elongations were cased on a 50.8 mm (2.0 in) gage Length 
scripea On the Specimens before warm q@eLOEDa cLoOr. 


Additional gage narks were Scribed on tne specimens at 6.35 
mo (2.25 1n) intervals tnrougnout the gage section to nteasure 
local plastic strains within the gage Section after nominai 
deformation cf the rull Specimen. This was necessary due to 
the inhomogenecus aeforhation of the gaye section encour- 
tered when the specimens were sSuperplasStically deformed. 
Following simulated superplastic forming amiiert temper- 
ature test bianks 74 mm (2.9 in) ionge Dyei2 nn (025953) 
wide, were cut from the gage sections of the warm derormed 


Specimens. These were Machined to give gage dimensions of 


ZG 


Seon Ue ls aSO0 inj wbath by 25.4 mm (1.00071p) length. TInis 
Gave a gage width to length catio of 1 to 4. Udine radius of 
Gumvarure at the ends of the .gage section was 0.5. an. as 
Specitwed in ASM E-8 Cor tensile specimens. [Dante tee a =e ee 
Shows tniS Specimen geometry. Due to nen-unlirornm deformation 
iene  aGage SCGETOneadDwaesthe. Zirconlum-cGontainang sadioy and 
due to the smali gage section width ameter 200% “plastic 
Strain in some Specitens, a Staller size ambient temperature 
Boats spieccamen, 66 mm (2.6 in) in léengtn and 140 om (0.4 in) 
mat hewitsh >.08 mm (0.200 in) Palio al gaol eee aO eye amet et emme On Orere! OG, 
in) length gage section was used when necessary. Figure 3.5 


showS this Specimen geozretry. 


7 eee C2". 9 ai) 


7 Za an is 





radius 


Tigure 3.4 Standard Room Temperature Test Specimen. 
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Figuge 2.5 Small Room Temperature Test Specimen. 


Cj. SPECIMEN TESTING 

Simulated superplastic forming was done at 300 C ata 
strain rate of either 1.7X1073 S-1! or 1.7X1072 S7}. An 
electromechanical Instron machine was used to conduct the 
warm deformation in a manner Similar to that used previously 
for superplastic testing at NPS, as described by [Ref. 20]. 

Test specimens were placed in wedge grips and held in 
place by pins passing through the wedges. The wedges were 
placed into grip assemblies which were screw mounted on pull 
rods coanected to the Instron machine. The wedges, grips and 
pull rods were machined from type 304 stainless steel. 
Heating for the warm temperature superplastic deformation 
was provided by a Marshall Model 2232 Three-Zone Clamshell 
Furnace. Furnace temperatures were maintained by three sepa- 
Cate controilers, each with its own thermocouple sensor 
located midway in its* zone inside the furnace. 

Flue efrects were reduced by the use of additionai insu- 
lation on the top and bottom of the furnace. This consisted 
or insulation mounted inside the top and bottom or the 
furnace and wrapped around the pull rods. When the furnace 
was closed, outside top and bottom ceramic plateS which 
fatted around the pull rods were ciosed and taree-one inch 
thick glass fiber insulation padsS were fitted around tue 
pull rods tof and bottom and wired to the turnace. Thin 
strips of fiker insulation were placed petween the mating 
faces or the furnace doors. 

Four thermocouples were installed inside the furnace to 
monitor directly the specimen temperature. Two thermocou- 
ples were brought in along each pull rod. These were secured 
to the puli rod with Nichrome wire. One thermocouple fron 
each end was flaced in contact with the end tab of the spec- 
1men to directly monitor its temperature. The other tberno- 
couple trom each end wasS piaced near, but not touching, the 
gage section of the Specilen. The two thermocouples along 


the gage section were placed on opposite sides of tne gage 
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section and overlapped by about one inch before deformation 
to maintain good gage section temperature monitoring during 
the nominal 2 inches to 4 inches of deformation given to the 
Samples. The furnace controilers were adjusted so that the 
four thermocouples were all within 1% of 300 C. The furnace, 
grips and pull rods were heated for 24 hours before a series 
tests to give the components time to reach thermai eguilib- 
rium. After a Sample was mounted the furnace was closed and 
the four thermocouples were aonitored until they were back 
within 1% of 300 C. This would usually take about one hour 
and then deformation would begin. The crosshead speeds were 
either 5.08 mmymin (0.2 in/min) or 50.8 mm/min (2.0 in/min). 
For the specimen geometry this provided strain rates of 
lag 610—35S- 1 gomieie 7X10-2. S-1. 

Ambient temperature testing was conducted on the same 
electromechanical Instron machine. Specimens were mounted in 
vise action gTLifs. A crosshead speed of 1.27 mm/min (0.05 
in/fmin) was used for all ambient temperature testing. MThis 
resulted in a strain rate of 8.3X107-* S~! for the 1 inch 
gage section specimens and a strain rate of 1.04X10-3 S-} 


for the 0.8 in gage section specimens. 


D. DATA REDUCTION 

Elongation was determined by measurement or the separa- 
tion of the scribed gage marks for the warm deformed samples 
and the outer edges of the gage lines for the ambient 
temperature specimens. ELongation was calculated using 


equatron’s. 1: 
% Elongation = (L -Ilo)/Ib (eqn 3.1) 


Where Lo was 50.80 mm (2.000 in) for the warm deformation 
specimens and approximately 25.4 mm (1.0 in) or 20.3 mm (0.8 
in) for the ambient temperature test Specimens depending on 
the size specimen tested, and L was the gage length measured 


for the deformed (or tractured) test sample. individually 
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measured L values were used for each ambient temperature 
test specimen. The Instron strip chart recorded the applied 
load (lbs) VS. Chart motion. The magnification fcatio 
between chart speed and cresshead motion was 10 for the 
warm deformation and 40 for the ambient temperature testing. 

From the strip chart, data points of chart displacement 
and load were taken from the curve. A "floating slope" was 
used on the strip chart from which measurements were taken. 
This was used to remove such variables as grip adjustment 
and elasticity of the samples and Instron components. Using 
the magnification factor and the specimens initial dimen- 
sions a programmable handheld calculator was used to compute 
engineering stress, engineering strain, true stress and true 


Strain. The following basic formulas were used: 


S = PSA ; (egm 3 22} 
en (L ~L) ZL, (egn 3.3) 
6 = S§ (lite) (eqn 3.4) 
oS ln { Ite) (eqn 3.5) 


where ep is the engineering flastic strain, Epis the true 
plastic stead, S is the engineering stress and 6 is the 
true stress. Since the relationships for true stress and 
true strain are only valid up until the onset of necking, 
true stress vs. true strain plots for the warm derormation 
show those points past the onset of necking as dashed lines. 

There waS routinely a discrepancy between the measured 


elongation and the elongation computed using raw data fron 


the stiipecnart. This discrepancy was aS high as 50 % and 
averaged about 25% in the warm deformed Samples. The 


discrepancy in the ambient temperature tests was as high as 
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30% and averaged aLout 20%. ThiS GiSscrepancy is predomi- 
nantly caused by tke plastic deformation outside of the gage 


Sect ronan ethne ema wal alLeasS an DOth cases. 


Ee METALLOGRAPHY 
After fracture selected ambient temperature test speci- 
miemwerte Sectioned aS Shown im figure 3.6 Specinens for 


optical microscopy were mounted in standard plastic moulds 


SO tt a Es Fg a 






surface 
examined 
Vilehewe pt reall 
microscopy 


Pigure 3. 6 Sectioning for Metallographic Zxamination. 


with cold mounting cCoipound. Specimens for scanzing electro. 
Licroscopvy were attacnec to standard stuxsS with conductive 
Silver paste. Ali optical Microscopy sfecinens were poliSnei 
Gees g 2ugn to oU0 Grit paper tol.owec by polishing with 
ALubinug@ oxide arrasive and finally pceclishned with Magnesiua 
Gredewoerastve, Tae £i-10MG—0.1Zr and Ai-10%9g-0.5Mn speci- 
mens were etcned uSing Barkers's reagent (2.5 ai HBFY in 100 
MmumMe mci MCGEE EGLVYtLG) at 20 yolts G.co £or 40 seconds. Tas 
Al-10M¢-0.4Cu Specimens were etched using Keller's reagert 
(2m HE, Sete > Dre =inO3 and (90 mi water } Pow 4 
seconds. Zeiss Universal microscope was used for both exan- 
Pieerome cana pnOtecgrapiic work. Kodak 35mm Panatomic-X film 
ie Uae nOL cle Optica D@icrogbapnic fecording. © All photo- 
micrographs were made on specimens tensile tested to frac- 
ture at ampient temperature and usually near the fracture 


site. 
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IV. RESULTS AND DISCUSSION 


A- SOLUTION TREATING TEMPERATURE 

The thermomechanical process (IMP) Shown in Figure 3.1 
previously developed at NPS was followed for each of tae 
alloys investigated. Modifications to the solution treating 
temperatures were made as indicated in the background 
section. Previous work by Beberdick [Ref. 25] on as-rolled 
material, had indicated that increaSing the solution 
treating temperature for the A1l1-104g-0.54n alloy enhanced 
its room temperature ductility. The as-rolled room tempera- 
ture ductilities for both solution treating temperatures 
Shown in Table IV are very similar. The ductility of the 
440 C solution treatment varied from 2.8 to 5.8 percent and 
the ductility for the 490 C solution treatment varied fron 
2.9 to 5.7 percent. Hence this research does not bear that 
Our. 

After a 75 manute anneal at 300 C, the 440 cr solution 
treatment had a ductility of 14.4% whale t hewio0eGecollnauan 
treatment gave 12.6% ductility. Optical photomicrographs, 
Figures 4.1 and 4.2, Show no discernible difference in 
microstructure between the two solution treatment condi- 
tions. Ail photomicrographs are of sections cut from speci- 
mens tested in tension to fracture at ambient temperature 
and are usualiy from near the fracture Site. During Simu- 
lated superplastic forming it was noted that the 490 C- 
solution treated material produced more uniform deformation 
at the higner strain rate, 1.67X¥ 10-2 S-!. This is shown 
later in this section. Other than noted above, the higher 
solution treating temperature does not appear to produce any 
lmprovement in the mechanical froperties of this alloy. 

Two solution treating temperatures, 440 Cand 490 C, 
were also applied to the Zirconium containing alloyaae® 


determine if increased solution treatment temperature would 
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BABLE LV 
AL-108G-0.5MN BOTH SOLUTION TREATING TEMPERATURES 
AS~ROLLED, BOOM TEAPERATURE MECHANICAL PROPERTIES 
AL-104G-0.5MN 
(SCLUTICN TREATED AT 440 C) 
AS ROLLED: 
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lmprove the distribution of the Zr and ennance the roo 
temperature mechanical properties. G@ptical photomicr o- 
graphs, Figures 4.3 and 4.4, show a random dispersion of 1-5 
MicLOn ral3 particles with no discernable dirference 
retween tne two Solution treating temperatures. Table V 
shows ductilities of 4.9 to 9.2 % for the 440 solutioa 
treated material and 4.6 to 10.5 % ductility tor the 490 
Solution treated material tested at room temperature in the 


as-rolled condition. 
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X100. 


Barkers etch, 


(b), 
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Al-10Mg-0.5Mn Both Solution Treatments 
(a) and 490 C 


4.1 
44Q C 


Figure 
As~Rolled, 





(b) 


Eig ure, 4.2 Al-104g-0.54n Both Solution Treatnmneats 
As-Rolled, 440 C (a) and 490 C (b), Barkers etch, xX800. 
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Backers etch, 
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The yield and ultimate strengths are approximately egual 
for both solution treatments at about 310 MPa (45 KSI) yield 
and 460 MPa (€7 KSI) ultimate strength. Optical photomicro- 
graphs 4.5, of material from both solution treatments after 
75 minutes of static annealing at 300 C Show no apparent 
effect of the different solution treating temperatures. The 
mechanical test results in Table V shows better ductility 
for the lower solution treating temperature. The higher 
solution treating temperature does not appear to cause 
dissolution of the ZrAl3 precipitates. 

Both the Al1-10MG-0.1Z2r and Al1-10Mg-0.5Mn alioys solution 
treated at 490 C were brought directly to that temperature 
without a nold a 440 C. An initial hold at 440 C is gener- 
ally recommended to allow the beta Magnesium (Mg5A18) to go 
back into solution to prevent partial melting when going 
akove the 451 C eutectic temperature. Even though this was 
not done, no cracking problems'on rolling, usually associ- 
ated with partial melting, were observed ror either of these 
alloys. It is felt that this was attriputable to several 
factors; (1) the long (24 hours) solution treating time; (2) 
the 5%T1-0.2%B-Al added for grain size control in the 
casting and (3) the limited segregation during casting due 
to the direct chill casting process. The long solution 
treating time appears to have been sufficient for any beta 
which did melt to go back into the solid solution. Factors 
two and three limited the Size and amount of beta present in 
the as cast ccndition. Although this was not the recommended 
method of heat treating these alloys, no apparent micros- 
tructural damage was done to eitner alloy. 

Reducing the solution treating temperature to 425 C for 
the copper- containing alloy eliminated all cracking prob- 
Menseaucting Warm colbang of this adkboy=» Theeneedeto reduce 
the solution treating temperature from 440 C was realized 
from acloser examination of the Al-Mg-Cu ternary pnaase 


diagram shown in Figure 2.4 in the background chapter. This 
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As-rolled plus annealed 75 minutes at 300 C. X1i00 


Figure 4.4 Al-10Hg-0.1Zr Both Solution Treatments 
As-rolled, 440 C (a) and 490 C (b), Barkers etch, X100. 
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(a) 100 % warm deformation, 1.7 % ambient ductility. 
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(b) 100 % warm deformation, 1.2 % ambient ductility. 


Figure 4.5 Al-10Mg-0.1Zr Both Solution Treatments 
As-~Rolled, $40 C (a), 490 C (b), Barkers etch, xX100. 
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Be. SIMULATED SUPERPLASTIC FORMING 

The test matrix for this thesis called for simulated 
Superplastic forming of twelve specimens of the as-rolled 
Material for each solution treating temperature of each 
alloy. The twelve provided for four samples deformed to 
100%, four deformed to 200% strain, all at 1.67X10-3 strain 
rate and four deformed to 100% strain at 1.67X10-2 S71! 
strain rate. During the simulated superplastic forming 
phase a thirteenth sample was added for each alloy/solution 
treating temperature combination. This sample wasS warn 
deformed to 200% strain at 1.67X10-2 strain rate to caeck, 
in a qualitative way, how well each material handled large 
strains at moderate strain rates. The Al-10Mg-0.1Zr, solu- 
tion treated at 440 C, was the first to be tested in this 
category. It was stopped at 160 % nominal to insure that 
fracture did not occur ~« The extra specimens for the other 
four processing conditions were strained to 200 % nominal 
strain. The specimen with the most uniform deformation cf 
the gage section in this category was the 490 C solution 


treated Manganese containing alloy shown later. 


Cy. AL-~104G-0.1ZR SOLUTION TREATED AT 440 C 
1. Simulated Superplastic Forming at 300 C€ 

Samples of the as rolled material cut to the spec- 
1men geometry Shown in Figure 3.3 were deformed at 300 C to 
nominal strains of 100,140, 160, and 200 % at strain rates 
of 1.67xX10-3 or 1.67X10-2 S-1!. Inhomogeneous deformation of 
the gage section during simulated superplastic forming was a 
severe probDlem in this alloy. It was necessary to deform to 
Zou strains Of 40 % to 1600 % to obtain the local 
Strains desired (100% or 200%) for subsequent ambient 
temperature testing. Figure 4.6 shows the most uniforn, 
warm deformation specimen at each condition or strain and 
strain rate for this alloy. 

Figure 4.7 shows all the warm derormation specimens 


ZOE “this combination of alloy and solution treating 
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Figure 4.6 Most Uniform Specimens of A1-10Mg-0.1Z5r 
Solution Treated at 440 C. 
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Figure 4.7 A1-10Mg-0.1Zc Solation Treated at 440 C 
All Samples Warm Deformed at 300 C. 
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2. As-rolled and As-rolied Plus Annealed 
As-rolled specimens were tested at 8.3X10-% S-! 
strain rate at ambient temperature for comparison with 
previous work by Alcamo and Hartmann { Refs. 21,23: pp. A7, 
50] and to check the consistency of processing through the 
warm rolling stage. Table VI shows good agreement of mechan- 


ical test results when strain rateS are approximately equal. 


TABLE VI 


DATA FOR AS~-ROLLED AL~10MG-0.1ZR SOLUTION 
TREATED AT 440 C AND TESTED AT ROOM TEMPERATURE 


AL- 10MG-0.1ZR 
(SOLUTION TREATED AT 440 C) 


AS ROLLED 
BILLET > *% STRAIN 
NUMBER *y ia ° °u MEASURED 
(MPa) (MPa) (M Pa) (MPa) (%) 

(1) (a) ‘aes fer 270 456 tis? 

3 | A alt # X 310 450 325 

2 e * * hae 500. & Sic 

S} a ate % K 3 457.6 3. 2 

Z 2 ae KK * 445.9 Povo 
ZrZ21-itAR BAP 6 484.3 Bulle 2 Bie 0 4.9 
Zc19-1AR B35 63 489.4 330m SPS Ars Die) 
Z019-2AR B03. 5 458.9 309.1 496.7 Bias 
ZI2Z4U-2AR oa. 3 445.3 31.0 490.9 Sis 0 
Zr34-1AK 2 oer 430.9 Zola 487.3 9.1 
ZuZu— VAR 3 FOn 6 496.2 B17 a2 55963 Se2 
RomeO@LLED--ANNEALED 1 HR AT 300 C 
ZCD34—-2AR 310-3 646 25769 476.4 UA 
MoeewbGED-—-~ANNEALED 1 HR 15 MIN. AT 300 C 
Z2r3 4-3AR Z0 340 407.8 2Gm ae 5 209 hs 2 
* Specimen fractured berore 0.1 true strain 
** Not availatkle . 
(3) Recamo pp. 4/7 Two StLainprates (S71) 1.e67K10-3 (a), X107-@ 
2) Hartmann p. 43 Three strain rates on) CeO 7 kl 0es § (6), 

0.67310—S¥and Goa67x%10-2. 

In industrial application of superplastic forming, sone 


portions of a finished part are annealed at the warm forming 
temperatures while others are deformed. Room temperature 
tensile test specimens were statically annealed at the warn 


forMing temperature (300 C) to provide data on aateriai 
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(2) 


annealed only in addition to the data oon samples 
experiencing super plastic forming. Table VI includes these 
results . Compared to the as-rolled material, the annealed 
material shows a sharp increase in ambient temperature 
ductility with a corresponding decrease in yield and ulti- 
mate strengths. This is to be expected for a recovered work 
hardened material. Berthold [Ref.£ 22:3 pz 60] has Shown that 
at 300 C only recovery, not recrystallization, occurs in 
this material. 
3. Ambient Temperature Mechanical Properties 

The results of ambient temperature tensile testing 

on specimens cut from the previously warm deformed materials 


are presented in Table VII. 


TABLE VIL 
AMBLENT TEMPERATURE PROPERTIES OF AL-10MG-0.1ZR SOLUTION 
TREATED AT 440 C, AFTER SIMULATED SUPERPLASTIC FORMING 
WARM DEFORMED AT 300 C 
BILLET STRAIN STRAIN S SS O. O, .%STRAIN 
NUMBER RATE NOM LOCAL y y MEASURED 
(S-1) (%) (A) (MPa) (MPa) (MPa) (MPa) ( %) 

Zr2 1-2 10-3 100 100 244.3 33821 Duyn 47 ae Taw 
Zr19-1 10-3 200 100 260.6 382.5 201.1 402.6 aay 
Zr23-2 10-3 100 1005 268508 4175cm 260 ecm 69-8 8.9 
Zr22-1B 10-3 140 150 DET 42327 2886s 6 oe Tee 
Zr22-1A 1073 140 150 282.3 423.4. 282 Gum? d.4 8.9 
Zr34-1 10-3 160 200 263.9 HO2.2 Jono 5.8 
Zr2 1-1 10-2 100 75 280.1 UO7-4 280.60 a3 226 4.5 
7719-2 10-2 100 100 267.5 36253 0 26Cs 0M ORT. 9 2.6 
Zr18-2 10-2 100 100 285.7 463.3 28623) 530.7 
2023-1 10-2 100 200 220.8 438.8. 221.2 54654 282 


The data shows some very attractive properties for this 
alloy. It is superplastically deformable at warm temperature 


to at least 200% strain at strain rates of 1.67X10-2 S~-1 
({1-e€.2 about 2 percent per second). The room temperature 
yield and ultimate strengths fall only slightly as a result 
of the warm deformation. The ambient temperature ductilities 


of this alloy varied from two to twelve percent. The higher 
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ductilities are excellent in comparison to current commer- 
cial superplastic aluminum alloys. The wide variability in 
the ductilities is of serious concern, however there is no 
discernible pattern to the scatter in the values obtained. 
Optical microscopy, up to 800X, provides no clues to the 
cause orf the variability in room temperature ductility of 
the previously warm deformed material. 

The photomicrographs show no cavities and no association of 
the fracture with 2nd phase particles. When the cause of 
the variability is discovered and if it can be controlled 
this will be a very attractive alloy with high strength to 
weight ratio for superplastic fcrming. 

4. Optical Microscopy 

Optical microscopy was performed on this alloy to 
help determine the cause of the variability in the mechan- 
local test results, particularly the wide scatter in the 
ambient temperature ductilities after warm deformation. 
Optical microscopy was also done to see if there was any 
discernible difference between the two solution treatments 
applied to this alloy, aS waS discussed in the previous 
section of this chapter. Figures 4.9 through 4.11 are or 
two of the least and most ductile samples at a given strain 
and strain rate combination. Photomicrograpns are of the 
fracture surface sectioned as shown in Figure 56 
Magnification is indicated at tne bottom of each Figure. The 
most noTable difference between high and low ambient temper- 
ature ductility specimens is the size of the flat area 
perpendicular to tne tensile axis. The more ductile the 
Sample the smaller the flat area, example Figure 4.11. This 
fcllows the general trend for ductile materials. The angled 
Outer £racture lip is indicative of ductile fracture. fae 
small amount of necking, example Figure 4.12, is typical of 
high-Magnesium Aluninum-Magnesiun alloys, as noted by 
McNelley-Garg and by McNelley. {Refs. 17,26}. ge a e)roles 


level of magnification there are no apparent reasons for the 


4/ 


variability in the ambient temperature ductility between 
Samples with the Same prior thermomechanical history. Crack 
path, as noted previously, does not appear to follow any 


particular features in the structure. 


D. AL-~10MG-0.1ZR SOLUTION TREATED AT 490 C 
1. Simulated Superplastic Forming at 300 C 


SS SS SSS SSeS <p oe cee ee 








Samples of the as-~rolied material were warm deformed 
at 300 C to nominal strains of 100, 150, 170 and 200 percent 
strain at strain rates of either 1.67X107-3 S~! or 1.67X10-4 
S~1. AS with the 440 solution treated Zirconium alloy, 
severe inhomcgeneities in the deformation of the gage 
section were experienced. Therefore, the intermediate 
strains of 150 and 170 percent were used to obtaia local 
deformations of 200 percent in the 1.67X107~3 S~! strain rate 
samples. Figure 4.13 shows the most uniform specimens 
obtained in Simulated superplastic forming to 100 and 200 & 
for both strain rates. All specimens of this test group are 
Shown in Figure 4.14. 

The flow stresses for this alloy are egual to those for the 
4“4uQ C soluticn treatment. Previous Figure 4.8 shows this 
ccmparison. 

2. As-rolled and As-rolled Plus Anneal 

Table VIII gives the ambient temperature tensile 
test results for this procesSing condition. 

This solution treatment of this alloy shows ambient tempera- 
ture ductility in the as-rolled condition Canging from 4.6 
to 10.5 percent. Annealing at 300 C produces the expected 
increase in ductility with corresponding decrease in yield 
and uitimate strengths for a recovered nhaterial. The 
randomly-distributed, large ZrAl3 particles shown in Figure 
4.15 for tne 440 C solution treatment are also present in 
the 490 C solution treated material, Figure 4.16 The 
increased soluticn treating temperature does not appreciably 


reduce tne number or size of the ZrAl3 particles. As noted 
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(a) 1.7 % ambient temperature ductility. Barkers etch, X100. 
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(b) 8.9 % ambient temperature ductility. Barkers etch, X100. 


Figure 4.9 Al-10Mg-0.1Zr Solution Treated at 440, 
Warm Deformed apes CetO TOUnp Strain. 
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(b) 8.9 % ambient temperature ductility. Barkers etch, X800. 


Figure 4.10 Al-108g-0.1Zr Solution Treated at 440, 
Warm Deforned at 300 C to 100% Strain. 
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(a) 2.6% ambient temperature ductility. 
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(b) 11.4% ambient temperature ductility. Barkers etch, X80. 


Figure 4.11 Al-104g-0.1Zr Solution Treated at 440, 


Warm Deformed at 300 Cc to 100% Strain. 
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(a) 12792 Q@ambitent ductility. Barkers =cucmyeeecue 
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(uo) 12.2% ambient ductility . Barkers etch, 640 X 
Figure 4. 12 Al-10Mg-0. its Suiution Treated at 440, 


Warm Deformed at 300 C to 100% Strain. 
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Figure 4.13 Specimens of A1~-10Mg-0.1Zrc Solution Treated at 
490 C. Warm Deformed at 300 C.. 
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Figure 4.14 Al-10M4g-0.1Zc Solution Treated 
at 490 C All Samples Warm Deformed at 300 C. 
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by Berthold [Ref. 22]. they are most likely formed above 
660 C by reaction in the liquid. 
3. Ambient Temperature Mechanical Properties 

The results of the ambient temperature tensile 
testing on the specimens given simulated superplastic 
forming are presented in Table IX . 
The data illustrates attractive properties for this alloy. 
First, it 1s superplasticcally deformable to 200 percent 
strain at 1.67X10-2 S-1 strain rate ({ 2a/ second) The 
ambient temperature yield strength after simulated super- 
plastic forming, about 260 MPa (38 KSI), is below tiat of 
the as-rolled condition but comparable to that of the 
annealed condition of this alloy and substantially higher 
than the strength of commercial Al-Mg alloys. This alloy/ 
heat treatment combination has lower yield strengths (260 
MPa vs 300 or 420 MPa) than Supral 100 or Supral 210 respec- 
tively as given by Barnes [Ref. 27: pe 7] but has equal 
ultimate strengths and nearly double (14.5 4% vs 8 7) ambient 
temperature ductility atLtter warm deformation. The higher 
ductilities in conjunction with the strength are very good. 
As with the Zirconium-containing alloy, solution treated at 
G40 C, there iS no discernable pattern to the scatter in the 
ambient temperature ductility data. Again ,woptical hicros-— 
copy does not reveal any cause for the variable ductility 


either. 


Es. AL-—-10MG-0.5MN SOLUTION TREATED AT 440 C 
1. SimuPatedssuperpiastye Por nl ng eae oe 

Samples of the as-rolied materiai were warm dezormed 
as specified in the test section. The inhomogeneities in 
deformation experienced with the Zirconium-containing alloy 
were not present in the Manganese -containing alloy. Figure 
4.17 showS a representative set of warm deformation speci- 
mens, one for eacn StLrain/strain rate combination. 
Figure 6Mn440ali in appendix B shows all warm detormed spec- 
imens for this alioy/Y heat treatment combination. Warm 


deformation flow stresses were consistent with those found 
by Self [Ref. 20: p. 66] as are shown in Figure 4.18. 


56 






Barkers etch, X800. 


Figure 4.15 
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Large ZrAil3 Particles Present in the 
oy 


As-Rolled Al-10N%g-0.1Zr alloy solution treated at 440 C. 
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Figure 4.16 Large ZrAlj3 Particles Present in the 


As-Rolled Al-10Hg-0.1Zr Alloy Soluticn Treated at 490 C. 
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TABLE IX 


AMBIENT TEMPERATURE TENSILE TEST RES 
FOR AL-~104G-0.1ZR SOLUTION TREATED AT 
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WARM DEFORMED AT 300 C 
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Figure 4.17 Al-104%g-0.5Mn Solution Treateaqd at 440 C 
Warm Rolled at 300 C. 
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The m value taken from the slope of the curve in Figure 4.18 
is about 0.5. This is consistent with the m values found for 
this alloy by both Mills and Self (Refs. 14,20: pp. 45, 66]. 
It is also in the range of 0.3 to 0.7 Specified by Sherby 
and Wadsworth {Ref. 53 p.~363] as being a normal m value for 
superplasticity. 
2. As-tolled and As-rolled Plus Anneal 

As-~rolled samples were tested for comparison with 
previous work by Mills [{Ref. 14}. Strain rate for this work 
was 8.3X10-* S-1. Table X showS comparison of the ambient 
temperature mechanical test results FLetween this work and 


previous work. 


TABLE X 


DATA FOR AS-~ROLLED AL-—10MG—0O. 5MN 
TESTED AT AMBIENT TEMPERATURE 


ALS V0aG—0- 5MN 
{SOLULICN TREATED AT 440 C) 


Ao ROLLED: 

BILLED ‘Ss 5S O. C, % STRAIN 

NUMBER y Le y MEASURED 

(MEa) (MPa) (MPa) (MP a) (%) 

1) a) % “kK KK 414 320 
| (3 *% OK * 478 5 aes 
1 Cc KK KK KX 503 Be 

MN7-2AR Zooes 470.4 30020 496.7 Pes) 

MNO—-3AR 2502.6 481.7 25 9S8 495.9 Bet 

MN2-3AK S30 Se-4 410.7 S10 aa ay ee 4.Q 

MN2-2AR 246.7 1G 2 a 297.3 51525 we 

MN2-1AR 340.6 50 Uae 341.3 Bs Gre San 

MN7-1AR SPSS. 52250 376.6 Saye wae ayes 

AS ROLLED--~ANNEALED 1 HR AT 300 C 

MN6-1AR a 25.7 tate ee SWeircs. Geode Tou 

AS ROLLED--~ANNEALED 1 HK 15 MIN. AT 300 C 

MNO—-Z2AR 213523 U6 Zan 29 D=<9 556s (ene 

**x data not available 

(1) Malis p. 47. Three strain cates Le ils 5.04 10 >Meta) 

5. OX 0S 2 (ob) and oa. l0=4="(e)*. 
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3- Ambient Temperature Mechanical Properties 
The results of mechanical testing of the previously 


warm deformed material are presented in Table XxI 
TABLE XI 


DATA FOR AMBIENT TEMPERATURE MECHANICAL TESTS 
OF PREVIOUSLY WARM DEFORMED AL-10MG-0O.5MN 


(SOLUTICN TREATED AT 440 C) 
WARM DEFORMED AT 300 C 


BILLET STRAIN STRAIN > 5 oO. O,, * STRAIN 


NUMBER RATE NOM LOCAL y u uy U MEASURED 
(S121) (4) (*) (MPa) (ied) (MPa) (MPa) (7%) 
MN2-2 10-3 100 100 296-8 317.5 297.4 320.3 0.4 
MN2—2A 10-3 100 100 20359 422.7 293. 450. 3 yo 
MN2—-2B 10-3 100 100 289.2 412.2 289.8 436.9 4e5 
MNS-2B 10-3 200 200 304.1 428.9 304.7 454.7 3.1 
MN6-2B 10-3 200 200 317.7 445.8 318.3 498.2 6.2 
MNI-1A 10-3 200 200 257.3 ice 25729) sh.97. 2 Was 
MN1-1B 10-3 200 200 Dah ag 434.5 245.4 478.0 8.2 
MN6—-2A 10-3 200 200 319.6 468.3 320.3 518.7 9.0 
MN5—2A 10-3 200 200 317.4 459.8 318.1 524.0 9.5 
MN7-1 10-2 100 100 Dae Noe 272.4 447. 3.7 
MNG-1 10-2 100 100 3060.0 442.0 306.6 472.9 We 
MN3-1 10-2 100 100 253.4 434. 253.9 465. 5. 


Yield and ultimate strengths do not show any appreciable 
decrease with the amount of prior Simulated superplastic 
forming. The 290 Mea (42 KSI) an conjunction with the 
Maximum ductilities obtained are a very good combination, in 
fact they are better than those for the zirconium-cContainingjg 
alloy. The problem of wide variability in room temperature 
ductility after simulated superplastic forming observed with 
the Zirconium-containing alloy were also observed in this 
alloy. A noTable example are Specimens Mn5-2B and Mn5-2A, 
the least and most ductile results in the 200% nominai 
strain secticn. These two specimens were remachined from the 
Same warm defcrmation specimen. Photomicrographs, Figures 


4.19 and 4.20, shown no obvious differences between these 
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two specimens. In fact the fracture surface of the less 
ductile sample has larger shear lips than the more ductile 
sample, Figure 4.19 

Several of the more ductile, ambient-temperature 
Specimens had ioad versus elongation curves more character- 
istic of mild steels than Aluminum. Figure 4.21 is a copy of 
a typical one of these curves, showing an appreciable luders 
strain and finally a strain hardening region. The serations 
throughout the curve were discussed in the background 
section and are likely due to the Magnesium in solid solu- 
tion interacting with moving dislocations. The Luders 
Straining would be indicative of an unlocking of disloca- 
tions from solute atmospheres. 

4, Optical Microscopy 

Optical Microscopy was performed on this alloy to 
help determine the cause of the variability in the mechar- 
ilcai test results, particularly in the ambient temperature 
ductility or the previously warm deformed material. AS shown 
eariier in Figures 4.19 and 4.20, optical microscopy 
Frovided no obvious cause for the variability in froon 


temperature ductility. 


F. AL-~10HG-0.54N SOLUTION TREATED AT 490 C 
1. Simulated Superplastic Forming at 390 C 

Figure 4.22 showS representative warm deformation 
specimens tor each Strain/strain rate combination applied to 
this alloy. 
The notable feature of this alloy and solution treatment 
temperature combination was the uniformity of deformation ci 
the gage section. Even at sSimuiated sSuperplastic forming 
strains or 200 % at 1.67X10—-2 S-1!, strain rate, gage section 
deformation was uniforag, more so than any other alloy/TMp 
combination examined. Figure 4.23 shows all warm deformed 
Specimens in this test group. 

Figure 4.18 A comparison of the flow stresses at 300 
C tor this work, at both 490 cC and 440 C solution treating 
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(b) 
Parguze YoTs Al-10Mg-0.5Mn Warm Deformed to 200% Strain 
Room Temperature Ductility 9.5% (a) and 1.7% (b) Barkers etch X10). 
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Figure 4.20 Al-10Mg-0.54n Warm Deformed to 200% Strain 





Room Temperature Ductiltiy 9.5% (a) and 3.1% (b) Barkers etch X800 
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Prgubre 4.21 Instron Produced Load ws Elongation Chart 
for Al-10Mg-0.5Mn Specimen Showing Large Luders Section. 


temperatures, ard data from Mill's [Ref.j 14: p.j 39] previous 
wCOOrK On tnis ailoy , solution treated at 440 C. ees 
comparison SnowS NO apparent efrect of Solution treating; 
temperature on flow stresses for this ailov 1n the Strain 
rate range tested. The slope of the line Segments froz this 
work are about tae same aS Mills' work suggesting an 
Dmuemeeue Of 0.4 to 9.5 ror this alloy. 
2. As-rolled ana As-rolled Plus Anneal 

As-rolled and aS-rolied pius annealed samples were 
tested in tension at amrient temperature. Tabie XIi gives 
tne mechanical test resuitS and provides a comparison with 


the results cf tae 440 C sclution treated material. T ae 
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Figure 4.22 Al-104g-0.5Mn Solution Treated at 490 C 
Warm Deforaed at 300 C. 
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Proure 4.23 A1l-104g-0.5Mn Solution Treated at 490 C 
All Specimens Warm Deformed at 300 C. 


69 


results are similar to the 440 C solution treatment, but 
have slightly better ambient temperature ductilities both 


as- rolled and after a 75 Minute anneal at 300 C. 
TABLE XII 


AMBIENT TEMPERATURE TEST DATA FOR 
AL-108G-0.5MN SOLUTION TREATED AT 490 C 


(SOLUTICN TREATED AT 490 C) 


AS ROLLED: 
BILLET# S Sa Sy Se % STRAIN 
MEASURED 
(MEa) (MPa) (MPa) (MPa) (%) 
MNI6-3AR 33 Zs 1 “485.1 362.6 504.0 2-9 
MNI4G—-1AR 259. 7 4o7.4 2.6.0 oz 441.8 See 
MN16-1AR 338.3 50 7) 3 2330.0 5a 32.5 
MNI3-1AR 298.2 492.8 2936 519.8 3 
MNI6-2AR Bose em SPSS 33051 55 reo ey 
MN11-2AR lal in ae) 50225 Oe a me S46 27 cree 
AS ROLLED-~ANNEALED 1 HBR 15 MIN. AT 300 C 
MNII-3AR 291.9 Soc 29256 eee a) 1226 
(SOLUTICN TREATED AT 440 C) 
AS ROLLED: 
Bei oe Sy ‘of orn % STRAIN 
NUMBER y Mi MEASURED 
(MPa) (MPa) (MPa) (MPa) { %) 
MN7-2Ak 299.3 470.4 30020 496.7 oes 
MN6-3AR 25 Gea YS ee 2593 495.9 eens 
MN2-3AR 309.4 410.7 310s 5714.4 4.0 
MN2~-2Ak 2h 6 ay tS es a 297133 515765 NOD 
MN2-1AR 340.6 504.4 341.3 538.2 5.1 
AS ROLLED--ANNEALED 1 HR AT 300 C 
MN6O-1AR Sie eee 446.2 Biz oere 484.2 Te 
AS ROLLED-~ANNEALED 1 HR 15 MIN. AT 300 C 
MNO~-2AK 21523 462.7 275.9 556 oe 14.4 


3- Ambient Temperature Mechanical Properties 
Results of ambient temperature mechanical testing on 
previously warm detormed samples are presented in Table XiII 
The 315 MPa (45 KSI) yield strength and 515 MPA (75 KST) 
ultimate strengths in conjunction with the naigher ductili- 
ties are very attractive. Almost all results for material 


with 200% prior Simulated Superplastic forming were very 
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TABLE Xiil 


AMBIENT TEMPERATURE MECHANICAL TESTS FOR 
AL~10M8G-0.5MN AFTER WARM DEFORMATION AT 300 C 

(SOLUTICN TREATED AT 490 ¢C) 
WARM DEFORMED AT 300 Cs: 
BILLET STRAIN STRAIN Sy Su dy Ou % STRAIN 
NUMBER RATE NOM LOCAL MEASURED 

(S~1)(%) (4) (MPa) - (MPa) (MPa) (MPa) (%) 
MN14-2 10-3 190 100 296.0 Soom0me 296.6 544.4 te 2 
MN13-2 10-3 100 100 263-2 S34eer) 263.7 9 343.0 ie 
MN11-1 10-3 100 200 299.6 woe? S00e2. 455.2 Sis) 
MNI14-1A 10-3 200 200 318.0 460.4 318.2 516.4 8.00 
MNi4-1B 10-3 200 200 eos f G5 (aero 10. 3 0 16. 2 S27 
MN10-2B 10-3 200 200 B47 6 H55.5 3 1Se aceon s 2 8.84 
MN11-2A 10-3 200 200 Bocce) 50.) 3234 Jee 2 6 0 9.174 
MN16-2A 10-3 200 200 3248 15 jog 32425. 9513.4 9.63 
MN11-2B 10-3 200 200 299.1 453.4 303.2 522.8 10.64 
MN13-1 10-2 100 100 304.6 Bio JUSS 352.7 0. 90 
MN15-1 10-2 100 100 286.7 434.9 287.2 468.6 4.44 
MN17-1 10-2 100 100 297 a5 Gove) 2980 1 4660.5 4.49 
gQecdr Barnes [Ref. 273: p.j 7] lists tae room temperature 


properties of a number of Current commercial high strength 
Superpiastic Aluminun alloys. Only one, Spi4?75, 1s Listed 
with a room temperature ductility after simulated Super- 
plastic forming greater than 8 %. AS with the three previous 
alloy/solution treatment temperature combinations presented, 
there 1S variability in the room temperature ductilities of 
Specimens with the Same prior thermomechanicai history. The 
yield and ultimate strengths show little degradation as 
result cf pricr Simulated superplastic forming. AS with the 
Manganese coataining alloy solution treated at 440 C, a 
humber of specimens had room temperature load versus elonga- 
tion charts with appreciable Luders sections before strain 
hardening. Comparison of the data in Tables XI and XIII show 
equivalent strengths at all conditions for poth solution 
treatments. The 490 C treatment has slightly better average 
room temperature ductilities after 200 % simulated super- 


plastic forming put 1S not as ductile after 109 % warm 
deformation at either strain rate. 


VA 


4. Optical Microscopy 
Optical Eicroscopy perfoOrwedwy wenn ta ome oy, Sol leven 
treatment combination again did not provide any conclusive 
explanation for the variability in agbient temperature 
ductility observed. Figure 4.2, which compares cpoth solution 
treating temperatures Shows no apparent exzrect cf the higner 


solution treating temperature. 


Ge AL~ 10MG-0.4CU SOLUTION TREATED AT 425 C 
1. Simulated Superplastic Forming at 300 © 
Figure 4.24 showS a representative set Or ware 
deformed specimens of tais alloy, oOne@ai Giessen tt7- oe 
Cate COs irae 16m. 
This alloy aeforms very unirornly at Sb / Xe ew ey cre 
200 & strain but, beginS tc ShOW NOmUnh > © mesmo cdem owe ee 


200 % strain at 1.67% 10—-2¢ S-! “Steen wae. 


TABLE XiTE 
AMEIENT TEMPERATURE SNECHAN TOA 72S See 
AL-1UNG-0O.5SN AFPTEK WARM DEFORMATION AT 300 C 
(oU CULT POne iaeeal iD Aad SO CC) 
warn /defonmed att '30Q C: 
2 Lb Lieiieead & AN ee en's EN y Su By Gy = STRa 
Utd Iea oe hOM LOCAL pie, 2 UNS 
(S750) (x) (MPa) (1 Pa) (4Pa) (MPa) (7) 
yao 10-3 130 100 BSNS 1, 339.0 296.6 344.4 ee 
HNi3=2 10-3 100 190 a Oy ee 334.8. “Ze3eyes tooo Hap 3 
Mh 10-3 100 2.00 Paes as aa 8 &26.7 (3002S Ser Seo 2 
MNV4-TA 10-3 200 <£)9Q Bie, 0) 4oC.4 Sa Gee oiG. 4 ine) 
Mihid-1B tv-3 200 «V0 31567 G7. 1 Vee ce er) 2 
MN 1 O= 2 BO ee ee) Sess W555. 5) Sie io eee c.34 
MN1 1-2 Weve? "2 eee Se Sea Sod] Vee] Wee ye 14 
MNto=2A 10>2 20 ms700 Sens G57. 1 eee) 5 1 ae Ee oS 
MNTV1=25 §l0eew 2 Cera oN 2S ote 453-4 s0a.2 522585 eo4 
HN 3m Owe” PUG 00 304.06 34 Te9 MB d5.2- soe Open 10, 
Milo Om < toms 100 BOG ead G34.9 Lols2 Gogeo 4.44 
MN 10-2 100 100 Lo ives 43/7. Devos bo. > we 49 
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Figure 4.24 A1-10Mg-0.4Cu Solution Treated at 425 C 
Warm Deformed at 300 C. 
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versus Strain 
at 0.1 Plastic Strain for Warm Deformation at 300 Cc. 


True Stress 


Figure 4.25 


Figure 4.25 compares the flow stresses for this 
research with those obtained by Self [Ref. 20: p.z 40] for 
this same alloy solution treated at 440 C. The flow stress 
values are consistent between both sets of data, 
===== with stress level increasing with strain fcate as 
predicted by eguation 2.4. The strain rate sensitivity 
coefficient, m, taken from the slope of these log-log plots 
is 0.x. This is consistent with previous work at NPS and is 
in the 0.3 to 0.7 cange usually observed for superplas- 
ticityz mimselt's work [Ref. 20: po 50] a Strain of 157 & 
at 1.39X10-2 S-! strain rate before fracture was obtained. 
In this work , two specimens , shown in Figure 4.26 (b), 
were each strained to 200 % at 1.67X10-< S-1 strain rate. 
At that point simulated superplastic forming was stopped to 
allow cemachining ot ambient temperature tensile test speci- 
mens from the warm deformed specimens. Although they were 
both beginning to deform nonunifornoaly, neither was near 
fracture. It has not been determined if this was due to the 
reduction in solution treating temperature or the Larger 
cross section of the simulated superplastic forming speciomens 
used in this work. 

2. As-rolled and As-roiled Plus Anneal 

As-rolled and rolled plus annealed specimens were 
tested in tension at room temperature at 8.3X107-* S~! strain 
mat Table XIV presents the results of the above mechan- 
teal testing along with comparative data from Self 
[Ref. 20]. The as-rolled data from this research has higher 
ultimate strengths with lower ductilities than Seli‘ts work. 
The as-rolled material, statically annealed for 75 minutes, 
gives the same results as Self's as-rolled data. There 1s no 
previous data available for statically annealed as-rolied 


strength and ductility for this alloy. 


75 


Me Be pan eS we 


zy 


-_ 


DEFORMED AT 300 C: ¢ 


ee ew eee 


Me tS aL Na aL 
3 a Sy 


eS oF Sts 
2 Re ae eS 


¢ 
eS 


pis. 





>» ay >". ; : 
| é q eT 4 3 , 
ores Ni i we + ’ +g: 4 
3 nh’ SPS ~ _ 
A a : 
PE eee = Se aa 


Figure 4.26 Al-104g-0.4Cu Solution Treated at 425 C 
All Specigens Warm Deformed at 300 Cc. 
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TABLE XIV 


AMBIENT TEMPERATURE MECHANICAL ee DATA 
FOR AS~ROLLED AL-10MG-0.4 


Ai 10NG—O0.4 CU 
(SOLUTION TREATED AT 425 C) 


AS ROLLED: 


BILLET S S O O % STRAIN 
NUMBER y y z MEASURED 
(MPa) (MPa) (MPa) (MPa)  (%) 

(1) (a) * 4 2k ne 456.7 10.8 

(1) (>) xk ne me 450.5 10.9 
cul5-1aR 337.1 484.6 337-8 519.3 4:8 
Cul8-1AR 328.8 458.7 329.4 483.4 5.1 
GmlgetNR 309.5 452.2 310.1 481.48 5.2 
Cul6-1AR 352.7 503.7 353.4 540.2 6.0 
Cul8-2AR 315.0 456.0 312:2 48328 6:3 
Cui8-3AR 310.8 461.5 311.4 496.8 6.4 
AS ROLLED--ANNEALZD 1 HR 15 MIN. AT 300 C 
Suen 2NGl8 4Oa.4 248.3 445956 10.7 


** data not available 


Seltgy pe 50. Iwo strain Let (S-1) 1.39X1073 (a) 
aidials 394 10— 


3. Ambient Temperature Mechanical Properties 

Results of the ambient temperature mechanical 
testing on previously warm deformed samples are presented 
inerapike AV « The yield and ultimate strengths at ambient 
temperature after warm forming show about a 15 % decrease 
from the as-rolled values presented in Table XIV This is 
Saimmronthe results for the Zirconaum- containing alloy 
but in contrast to the Manganese-containing alloy whicn 
Showed no significant loss of yield or ultimate strength 
after with warm deformation. 

The ductilities of the specimens at ambient tempera- 
ture arter simulated superplastic forming to 200 % strain at 
1.67X10-3 S-1 strain rate are equivalent to severai other 
curreanat superplastic Aluminum alloys (Ref. 27], The yield 
strengths and ductilities for the other three strains and 
strain rates are at or below other ccmmercial superplastic 


alloys. 
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TABLE XV 


AMBIENT TEMPERATURE MECHANICAL TEST DATA 
FOR AL-10MG-0.4CU AFTER SIMULATED SUPERPLASTIC FORMING 


4CU 
TREATED AT 425 C) 


WARM DEFORMED AT 300 C:; 


BILLET STRAI STRAIN 5 oa Oo 0, %_STRAIN 
NUMBER RATE NOM LOCAL y y MEASURED 
(S-1) (%) = (4%) (MPa) (MPa) (MPa) (MPa) ( %) 
Cul3-2 10-3 100 100 225.1 £424313.9 225.5 322.6 ie 
Cul 4-1 10-3 100 100 275.2 39820 27527mmeoge or, 6am 
Culu-2A 10-3 200 300 273-0. 2cQmimEECoENCEEEC Coe) |6feo 
Cul9-1A 10-3 200 200 267.2 29684 Femmes 0o.lO 4.9 
Cu19-1B 10-3 200 200 341.0 350 
Cul4-2B 10-3 200 150 269.5 393.5 270mOmecomom 27 
Cui9-2B 10-3 200 200 271251 389820 27 1scueeeee "S500 
Cul9-2A 10-3 200 250 252.8 394.3 253.3 425.1 5.7 
Guten 10-2 100 100 278.0 404.7 278.cGeeee 6|6lO 
Cuioet 10-2 100 100. 233241 8113.8 233.5 “ewe 4.8 
Cui7-2B 10-2 200 200 286.5 43506 "2e7mOmmEue 9 Gl7 
Cu17-2A 10-2 200 200 295.9 450.2 296.5 507.6 8.7 


4. Optical Microscopy 

AS with the other four processing condition/alloy 
combinations examined in this work, optical microscopy did 
not provide any conclusive evidence of the cause for the 
Variability in room temperature ductility observed. Figures 
4.27 and 4.28 comparing specimens of this alloy warn 
deformed to 100 % at 1.67XK10-3 S-! strain frcate are good 
examples of this. One spécimen had 6.7 % ambient temperature 
ductility , the other 1.9% ductility yet no apparent dirfrer- 
ence is evident at this ievel of magnification. 

One of the Specimens warm deformed to 100 % strain 
at 1.07X10-3 S-! strain rate then tensile tested at room 
temperature had a second crack about 12 mm away from the 
fracture surface. Figure 4.29 Shows this crack, perpendic- 
ular to the tensile axis and covering about 50 % of the 
thickness of the Specimen. Figures 4.30 are higher magnifi- 


cation photogicregraphs Of the tipS Of thewceac kee mace. 
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(b) 


Figure 4.27 Al-104g-0.4Cu Warm Deformed to 100 % Straiz 
Room Temp Ductility 6.1 % (A) and 1.9 &% (b). 
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(b) 
Figure 4.28 Al-10Hg-0.4Cu Warm Deformed to 100 % Strain 
Ductility 6.1% (a) and 1.9 4 (b) Kellers etch, xX800. 
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etching artifacts that the crack seems to go through did not 
appear as voids in the sample before etching, but do etch 
preferentially. Spectrum analysis was not available to 
determine what elements were present at these sites. This 
was the only specimen examined in this work which had such a 


crack. 
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Al-10Mg-0O.4Cu, Kellers etch X100. 


*Second Crack 12 mm Away From 


Figure 4.29 
Actual Fracture Site. 





qt hy 





(®) Right end 


Figure 4.30 Ends of Second Crack 18 
Al-10mMg-0.4Cu Specimen. Kellers etch, X800Q0. 
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Aj CONCLUSIONS 

1. A successful modification of the test equipment was 
made to simulate superplastic forming , with sufficient 
sample size to permit subseguent evaluation of the ambient 
temperature mechanical properties after warm deformation. 

2. Material was processed for all three alloys. This 
processing included material to evaluate the effect of solu- 
6 Slee treating temperature in the Al1-10Mg-0.1Zr and 
Al-10Mg~-0.5Mn alloys. 

3. In Simulation of superplastic forming, attained 200 % 
deformation at 1.7X10-2 S-1 ( 2% / second) for all alloys 
and processing conditions. 

4. Following superplastic forming, the yield strenths 
were 300 MPa (40 KSI) to 325 MPA (45 KSI)f£for the 
Al-10Mg~-0.5Mn alloy, 230 MPa (35 KSI) to 300 MPa (40 XST) 
for the Al-10Mg-0.1i1Zr alloy and 250 MPa (3355452) to C0UMia 
(40 KSI) for the Al-10M%G-0.4¢Cu allow 

5. Ductilities varied widely with little apparent corre- 
lation to prior thermomechanical processing. Ambient temper- 
ature ductilities arter simulated superplastic forming were 
1.7 to 9.8 percent for the Al—-104q=0250n. ato, 1 OO ade 
percent for the A1l-10M%g-0.1Zr alioy and 0.7 to 8.8 for the 
Al- 10tg-0245 Cumareloye 

6. The yield strength and ambient temperature ductility 
combinations for the more ductile samples in all three 
alloys are very good in comparison to other superplastic 
alloys. 

7. Optical metallography does not reveal the cause for 
the variation in ductilities but does show that little cavi-. 
tation occurs during warm deformation of these alloys. 
Metallography does show that the fracture path does not 


follow the constituent ZrAl , MnAl , or Cu particles. 
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B. RECOMMENDATIONS 

1. More detailed metallography (transmission electron 
microscopy) is needed to determine the cause of the variability 
in room temperature ductility. 

2. Continue evaluation of microstructure evolution 
durinfg superplastic flow. 

3. Continue evaluation of the properties of structures 


produced during superplastic forming. 


8D 


1s 


11. 


LIST OF REFERENCES 








Johnson, R. B. The Influence of Alloy Composition and 
Thermomechanical Processing Procedure on 
Microstructural and ~ ‘Mechanical ,peoperties On 
High-Magqnesium Aluminum MagneSium Alloys i Se 
Thesis, Naval Postgraduate SemooL, “Monterey, 
California June 1980 

Becker, Je, Superplasticity in Thermomechanically 
Processed High Magnesiun, ALuminun-Magnesium Alloys , 
M.S. ”~—COThesis, “Naval Postgraduate School, Monteréy, 
California, March 1984 

Moore, J. ae eset se Jey AQNGDOR ERGY etenme a, U.S. 
Patent No. 37951 6 1976. 

Hamilton, C.H. .and Stacker, Geer iss co vere eos 
Forming of Titanium Alloys", Metal Prog 

pewote- 1976. 

Sherby O. Ds .eandvillieadsvcren mu. Deve or tee and 
OE Amare apart lor Ou Fine-Grain aged pare oe 
Materials", Deformation, Processing, antl StlLuctune, 


Dp 350384... 190 oe 


Herring C., “Dati ustonal Viscosity pores Poly 
line solidi, Journal of Applied Physics , Vo 
a 


coh 


C 
i 


iffusiorn 
oes 
ce 1963. 


ae "AR Model for Boundry D 
ee in Polycrystalline Mat 
Journal of Applied Physics , Volume 34, p. 167 
Ashb Mee ae and Verrall 


Ae 
"Dirtusion-Accomodated Flow and Superplasticity, Acta 
Metallurgica , Vol. "21. pe. 143-165 


Lange O ns P "Experinental Observation in 
a er " Super plastic Forming of structural 


ane , Conterence proceedings or IMS—AIN:, Dds 
June 1982. 


Stowell, ie "Cavitation in Sees Cae 
Superpias fic £ graing 9 25 Structure Alloys Conference 
Proceeding of THS-ALME, po. 321-330, June 1982. 


ie £ 
5S P) 


sad» and Stowell bye ee Cmca men 
oe ate Sensitivity in {tie Les stic” A iitow 
ft Materials Science, PP. TH1069, TWIT. 


Hedworth 
R 
Journal o 


86 


WW 


13. 


14. 


| 32 


16. 


NW 


18. 


19. 


203 


Lae 











fecNel ey, Slo RB sy Leer: « beeeeand @arlis, “es E. 
supekpsasticr ty 1h a Thermomecnanically erocessed 
BaiGguatg, skL-a Alloy , Submitted to Metallurgicai 
Transactions. 
Bec, os W., WeENelley, 2. Ro aud Stengel, A: fF. sigsye) 
Infiuence or Thermomechanical Processing Variables on 
pees ee edotteity Wee egtea, aileng Aligy 7; ““Suonitrel 
to 4etallurgical Transactions. 
Hills, &.E., Superplasticity in a Thermomechanically 
Processed Aluainum - TU. 2% ad, Qso4 42 Alloy, ".5. 
Thesis, Naval pose aca e Sey oor, Won eerey, 
California, September 1984. 

Stengel, A. PeeceCOmeweenencallbG | iteatherts On 
Su ebplasticaty 2 a Tnermo-Mechanically  2iseessses 
Auer num 0.2% tq, 0.52% Mn os M25. Tnesis, Naval 
postgraduate School, Yonterey, avsomnidad, JCCeuoer, 
VWoed, 

Pike CL YStal Lattice Detects",  Joircnal of 
miyomes 7, Vv. +0 Dp S9=— 94, 136 1. 

McNeliey and Garg, “Developement of Structure ane 
Aechanical Properties. In roe Uae MS LY 
ficmuomectanical Processing,” SCripta detallurjica , 
weeomeerep 917-920, 1984 
mendoitc, tL. Teo eneeroy Ss Structure aba 
Properties Butterrield ahd Co. [(Puclishers) TY7o 
Snirah, ks il., mice ence woe SObuLi On . time ani 
Meme shate On thew Brcrostructurce and Mechanica. 
BEOPErtIes © UEN HighStagnesium, Aluilnun-a@yhesiud 
Mnovs, 1.5.Thesis, Naval Postyraduate Se 000 Ll; 
MONTEREY, CALiFORNIA, DECEMBEEK~ 1931. 
Delmark. J-, The Eifect oF ALLOY Additio£s on 3uber- 
dasticity an fPuermowecnanically “erocessel ~ drua 
dagaesiub Aluminum Jagnesiun Alloys , 7.5. LASS, 
Naval Boe ddare SeLoor, Yeontecey, CEM BE release 
Decenver 1934. 
eedtey M- t., PrECct Of Strain and sttait gate of tis 
a#icrostructure or a Supertiasticaily ~ Usturies 
Memos usten Alloy G, Sechanicai  buyineer Thesis, 
eye POctgpacudte SCHOCwmmroncerey, California, Juke 
Om. 
Berthold, D. 8. , giffect of Tetiperature and Strain 
Rate On tne Microstructure of a Deformeu, Superriastic 
Al=VWzdgq-0- lace we Llon ; oS s Thesis, NAVAL 
e@omeeeaeciatre occhOoOl,; ucneerey, Calirotnia, June 1965. 
Heed AR, i 3< .» eGiewiedecmaracteCristics Of 4 
Superplastic Alurioum-TUSIgG=U0-TAZE Aiioy ao. 
TheSl1s, haval Postgriduate SenoOoL, MOUS ys, 
Carat Oornia, June 1985. 


24. 


25- 


26. 


Pa Fe 


Alcoa Technical Center, ltr, August 1984. 


Beberdick, L. 
COErosSicn and 


It 
\ct+ 


th Ol>- 
DE Phe 











rev 


EeCentecr RKGperE 

Foperties fagtaopechaiiga 
uz, ALuminum~dagnesiua Allo 
Jon ane M9845 


od Forming Technology, | paper presentea at 
um. on SuUperpiasticity amd Dts (pp lverrmon.- 
d University, Stantovd, Gagirowara, Vo a7 


88 


INITIAL DISTRISITION LIST 


Defense Technical Information Center 
Cameron Station. 
Alexandria, Viryinia 22304-6145 


Library, Code 0142 
Naval Postgraduate School. 
Monterey, California 93943-5100 


Department Chairman, Code 09x . 
Department ot Mechanical Engineering 
Naval Postgraduate School | 
Monterey, California 93943-5190 


Meee osor i. Rs. ‘ICNGi Ley, Code 6Y9dc 
Department of Mechanical Engineering 
Waval Postgraduate School 

Monterey, Calitornia 93943-5100 


Naval Alr Systems Command, code Air 329 
Naval Alrc Systeus Ccoumand Headyuarters 
WaShington, DC 20361 


Jett. aaldgfan 

Naval Air Development Center 
Materiais Science Department 
warl@inster, Pennsylvania 18974 


Dr. Eul-whee Lee 

Waval Aic Development Center 
Mater1iais Sclence Departaent 
Warmlnaster, Penusylvania 18974 


teed A. wlankowS<l. 


bepartment dead School Con 
Newport, Eroue Islanu 0264 


89 


nee Class 92 


NO. 


Copies 




















Thesis 
K57283 


roe 





dels she 


Klankowski 
Retained ambient 

temperature properties 
of superplastically 
deformed A1-10ZMg-0.12 
Zr, Al1-10ZMg-0.52ZMn 
and A1-10ZMg-0.42ZCu 
alloys. 







































- ~ & ~ 
a 3 = = 
- bs = alten 5 ke eee as 
. « a) 4 ps «* va 
~s a * @ 
td . — = > * be 
- - % - = 
> mat! s . = > oe 
= - e e - a - ~ = 
- * a - - “ =. 
a ° - 07 ad ~ - = = aa z om 
re - » ° - - - ~ ° - ~” « 
= 7” * oer -~« - r- ny ee - Po 
= ° v - - . = wo 4 is ae - a Ps = 
= = . x = - o - @ - ° - . _-— an ie é 
* fe * x i . - 
. ~ 2 = x a ~ 2 - = oo - < =e ad = a = 
ee; ad “we ww - 
x de = re + z ore : : -- aed - a 7 - P pa ” - 
Sd -- a - - - _ 
x - iad 2 # oe . co a ae - - - 
x « - ase mo > « my e - = aioe at 
BA . ” ~ ~ ~~ =e 
e r- e 5 # - - -« wn a - — a ~ 
, . ~ - e eo ~<a - - ~ oe -_- = -—— — ~ 
2 a o ~ ae = tere -” “ “-n - ~ « -« ~~ 
= ~ 2 «ye . iv i a Ld i. = tad # ¢ ? @ - ad 
gt - . -~ # = = = o ~ - — - P ° 
= # ne e of# s all a ~—- e -_= e on mA e o. ~ s2m e a 
~ 2 - = = - a « # - w @ ld e o-n - a 
ae e i = - e or - - m ‘ . =~ e - we Pe ee brs 
# . _ - “ ” o of « ow e -- - 27 + . - 
= ~ + re oe rs ¢ ¥ e¢ " - * .« r : 
. ¢ - © P Pa s - 
~ ~ o « gee Pere o * r - ” “ ar ae oF OF - 
rt - ‘=e = a = . tad . ” all al - = vw ae -“s ow ae 
Pe . a = ~ o ¢ = . - - i - we 
, a a ~ - ° -~* wee 
e ~ ~ ad = a ~« = — 
a je > * a a “ “es - = * ~ 
~ = - tf , od “= - od 
a “ Es - o- « te od tiled usr 2 ae mre ~ et oe 
@ = * - - - -— © ere ee PA 
cad - ¥ ae - - co - d ” ad 
ae e 3 ng ed o - © a ~ ew = me “= 
el a ° we F = n ne ° ie meer ~ al - a Pot ee -—- 
= e -_— a a ~ awe Ow 
: - « = - - kaa - oe tee ee « 
. “ e - - we « nile oe 
seep ~ < « a co) - o- ye ee ee a, we &° 
~ af “ -” oe : . erm ee ee ~ 
mre me a « nal = - fe °--7 ‘ —_ me aie 
ae ~ oer oe 4 hl - = = 2s mw 2 _ 
< me Paes ‘ a . a“ £ * , oa sape tt poe 
a ” “ - é ’ = % _—- pes ton 
= = = al e @ - ® - > # ’ —) 
al ~ ba * * = od @ bead ¢ . ms © ~ be “~-? 
S . ms eo of - “ - « = - = he 
= ~ a 2 * « ws = a) tie ihie a = a 
~ aie oa P : o oe # . “ae - wren ate , > y 
ne, = ¢ F x ” e = s fea@ ae rd - mies gan we o ae 
- ar * a e ’ “ a - - + o mm - ~ 
. - r ad - « * ane « —T. = wn 
= ~ 7 o ° * # cad « ra oo ~ 
~ - - . yt # aor ew =« Uw Bee ere i 
. on a oe - ° eere * one Re ws see -~ 
oo os ~ - r- a e 7 id rd ¢ * — a me + a. we ¥ “en a 
~ “ae e ~ » ‘ sa = a ¢ = grt — < os a 
ed . ~ - ’ Seon a « POH oo Stee Oa? ta <a tee 
= an = aeenr - ome - ene - ee ~ are =~ « ~ rye = eter rose ~ - ~ Sede » ow 
a . 2 % ° = , Lr er 4 ol - sae rr cl ayy ae ~ F iy «da-- * Pan ee oe Cone ee ee 
x rs “i r ~ - @ een ¢ » one oe - © eee er «= Oe ns or ~ ue ae 2 oe 
> - - or ° ~~) on oh aha & Pe nee -—- ee - awe 2 em ew a wor tow OP? cv. cb pe *% 
ei = = i e Po et uw met oF . Pa # a oe = Ce aad ow in - og & oe eh ene fe = & po Our a 
oe ~ a Ps rs e * a ° « 7 + a - Pie gt PD fa SGP ae a od —< ee the 9 sug nat wat 
— ~ * > = “ . a oa i wie re ad oo / = a o — tee —_ es + - . - 
w . - - ~ ra ~~ we =) bd - af “¢ * had , ll ee ee le - oH — eo - ee 
4 nae 4 - 4 ty o~ é - - fee « - go ch nme ” « P1 we a ig a uf _« - ee 
~ x 4 o a - e efe an ated ed ed er ~~ tte - . + att ee Pent Ot te tm, wom F -- ie Gd 
ae ; ug - ote ¢ - ao “Tn” @ ~~ eer of of a » - Fig AD ~~ ee a? Og Ae te, gage ote pore ~ mw gin iy 
x ; a s « Pa - ° ne Ye ow Po 2 @ =r r Theat as 20 et aller a PE gee Fa em a et Pome Ot oe oe La ret yn ~@ ye aw as 
~ ~~ - ne - ° * or se an am ” 7 Dee we = we“ » wee woe pa Pin” ae =e - eee Pe OD Cote = 
= Xs ane ¥ + -- . * on# FO ad o~ # ae ly a atin gee en ae Fe @ Boivt Os. Erm # - eee whe Ot nme Ant 
- a - * ree “- oe « Po Pet same 2*e* <= ée = ns met ee le ee an . 
- ea . co Pf? Oe nl + ee Pe oT Loe Pw YP et ker ey a ee eel Ae are oO ee oe ere 
- ° mes ° - a , en er i hw * - “ = tee be et Ame 2 ye. ~ ~- 
bad or r meee 4 # a = Fe & Cd - ” a - * A wee eas "4 og 
a - . - e 2 - t<- sae * Pa =a “he at Pe ee OO EG < - — * 
_ - P, ’ - - Po o e - « e RP PP se re ae 7 ~~ a ee wat Oye et eK pom ing “ eo ra i P 
. ~ P ; fe ° aed wr © ‘ fe e970 =e ~~ COCR apne ee eo _—, wk eply eee 
a % . P r - Pe Fa OT PE PRES - i = ada miata OPS OPI mF" we pe 8 ET 08 OE eh I PN SEO o_o 
< * a 26 PS er fe £ al oe “ - 0 hae Ow © CO FD BA Ge ODL Pe fF Ore . ah oe onl) a ee ene 
‘< . « Ps = e # o@ o are ° om 2 + Smt Fr ese PGS Ie rae ning fete pref fem = Aap m2 Gao 
x < ~ *» oe af ’ - P, Cod - oe . ogee a —- OP =P Segre Pen cer m0 a ee ee 
ao é *. * ve Pape mo a Outs ne - pe pee? eae - ee ae ee “oe ~ ~ = 
= - « € Z « on? lad « acing + ae ~ oe eer “~~ giae ~e oye tet st de Sa en Pope ee on, Gag Beal =< ee 
* ; . y= + a real ¢ wim ey ae Serene - yew hw aye es an pa emer par mr as nt ee le a wt = om wn 
3 . ’ 3 7, P| feo - ¢ ea  adinad - - ¢ anaes a ate wo ngs a ge rn ee han slim he eet Po, i te ae Bam 4 SS 
ental 2% é. ’ 6 « a - a a ” - ae at -~ - ae -F ott ee ee er we ee we oh = 
ad ~~ * * ~ ° P~ - # ad pewter wet mtg CO a 0 OO PTO POO IO - ee Pp pO pn ale mya owen a 
; 7 - = Tar -7 4 . oe ¥ ow a - afi oe ft Gere’ ° iw © 18 PP Rae Mae Five Tir ae Li? le ign en oe intone gh Pat CMe ea Lane everett ite 
ore ee X : . o ob - * a Soe ore oie oF are eng ee ge © Par Ornate de AI? ge ee PO Cet fd Heme Fe, COU Poms tom tye 
4 » 2 ° 2 ot hee ver ” ¢ . ye eal Ane Fe FB 4 tp OP AGO A Ge POP ee Pye eer D, 6 tates (OP nt get Cg but en 2 
= & . ap : ‘ o se eee . aise and S| he mags Repth. ty Orie DP fre “eet a Pe ad cy Pe IE en prec ot Dib a wee aoa or nent ot 
z ks i  e oe P yn gf one Rane oe Pe ae weet eT  Pormisetete, TUM Ae Ot nen, geet alee yn aielagc pen alas gente meet aE gle Pal 
~ A ne ‘ + Cle y om fer ~~ bse a Lolbs ie VS grat, 8 © ONG 10 Apgritart Ca lett Cats PO: FOG LY EY OE at cage etl oe More gp gm ato eee oP hin GOP weet ya tae OF 
PR a » mene 2 vom rie Per “re af a & ~F OO row PoP PB BGs EP rie ye ers” OP WP AER FI FM Deg gene ADS PPG tr sar PF ae a Te etal 
— “ - ~ a - 4 , + * om “-< Sada wie + sf ae: commits Ph OOP gen tinrt argY mT” © PS gto CID PUPAE yet Fubar OF at PAPAL ED, ow ae Saar pepeay 
. ~ @ s we = wen ays* a oe . # APR . Bae a od F nad PPMP OP Oe POP. LP a ereers «gE eye = ore A PO OD Te et Peet wage piste ae ppt fe pay ek sagan 
. » : e : . a an ° fe fer - <4 fe Ore re - rte er FAP PRONG OP POE eg re er a8 weer apa Rerainght A ng) we gen gies ght Bam are Oe Aaa 
q % ~ st v bens " . ne Ae “ - te aa fre Pe 0 POF Oe oF eine 8 ryt gues ena = Pie Per PF aes e gies * wise ont AE Aydt rer tre ane oe 
—_= a% ares Ss 5 “ _ ‘ Ce - arp e HFS ” a eta ef wor eae ae gp ong” OPN A GO OF ODGEA PAI PP AO PIG ALO OME Oe ta LPS C8 LD OIE Ie 2S apres 
eg en oe , ates ihe 1% E ms oe ps ® oor ad oe a ~~ Pen ope Oo PR FI Ee AR eee Bad DNg Oe ORO oa aoe ea eH gp Prat at et Geng Slingo = a wt ee 
= . : oe ~~ wer apes _ a s 0 ; re ri ord Pete j) Men aaPoe ste" Pate NO Fa mo oo ee OP POPOL S POTD POEL fr repay Cah MD BALE PEELE Pm Ee TR ed Fegan enw a 
——— s o meee ae mau Ne Le ai ae y , « “ r # - PE Be EP EO OTR OY & F ae OT ed P coer? eo eerwn Sige ee Ci ODO PAE Pot PE Rat gerne sronwste res «+ 
—_—_——_—_— ed ie ‘ ~ _ ae an . x a ; - 4 @ * veer ~ ~ ae et Pe sd at oll ofl ahd hl en tl we ln gt gap ut OU 50 ceils parte enter te + ee ree eee Pre 
———— = es in a * nw 8 er rd ll roe ae? BAe 08 FFM SG at ae WP et Par eo we pe Pore rns or A mage Shor eat at > rae te bra OPO BA EES wpe at me ane a 
—— —— a >, a Fe “ . ee a © Ps ’ - & Pat ae oe OPI ewe. HE Fo ee OP OPEL ALS et a a a Fae Ft oe ge Lem aaa C De Oona pe tee ae yee 
— — “sy ~ ™ % - ce « : e rs go “FF all » 4 Fu ° eo am parame" © me ee et 6 oO ORO St Get ome et 2 ge sR IO & re ee em eee iy, & engin al ae Ne Py a Pater ott 
——— iinet 5 . we pm aie v as cr - é a or ee me AY Bare ot MTOR OF OPFOR a. re at En TI erat a Pe gm 9 Ayan Day ge 
—_———_—> eee ae PR er Tas te tiated o'r z <a ~ - mene . ra wake & a med mp Ph oe to oF REG Lae Fie TO PAO PUTED pea. eee « peat tart Lg wifi yO PGP ate en peat ra irae ean arpa te 
———_——— oor . ~ * * uw soe an A pea es ae - ue id F etl dl aia POPP? OPP O8 OE TCE OPS reer PR pet 1 ITA A ne Oe PEE OE BEE el i FE 82 OP PP fret A wee 
—S—— emi ay aris re Peed me te ek a a af a “ hdiied Pa oe Sint eert wt Pe etry Se Pant BO Pott PPP OPO PL vt Pe PG EAA ALE GOP OTF LAOS ALE a 
= ——————— pa “a4 < a esr oe . wa © es # rf oar pu erpo rene O° am oF Re Pt POLL BON PO Pt OOO TOL rr POP Cent cept ag OF DO BE ee ee ed Pate sm oe agg DD 
———a = ~ . Ds ~ . iors « r - Yon ° ° - ~~ gape Gee? he OIE OOF $0 Se gn ge a PARE ow anys & pe Ges Re Om GOO QA GEE TO Peed EOIN EET FOE winelayetet gr wpa ape ie gene? end ge gee P I Ann Le F 
——— = te a are fy 4 ons fer « ane ane 8 < ” uv rug * wae 6 eat ue Tap ee = Male stage tae pee © cee n ot ot ELI regen Or LONE area Mplizat Petting C8 OA eer are 
—- ——— ~ 4 ay 2 ~  % id ph ae : ne re # Ftd Ge PU OPP # Cp rane oppo slum © of ane le EP aaa ner gard WET” 00 fr Am nr TOE Pep me om we fast appt en ig Gani pO ghar am emer * 
———- aq ae aa a . ~~ ~ a z é ? ** 2? ere rt _ 2 rhe =e ging rete Sie em & Oy AO Se pas FR! 0+ OE Ue Oe 9 FRO 80 Pret 2 re Ct PA aa wt COV PE? Fer GO pe TO ee 
we HE ey ty x ~ a g as 7 oe ~ “e o e rw Ho or Lag on Bar oe 8 gar Natl we Rn Ore CeO Pram AARE ED Brest: Ligh PREM MT prequt aight PPE AE OK Phe * OO et POLI GOS RM 
er) ae aa cox A £ «i . ~~ ted ie peg eee wr ot f at PPE Paene, -v Pw ew & PND ol Ce OP BA a ee 0 ge Bee! PE ane ge ere ana pe 20 me gin Sg pe Sande 88a &* eee et ep 
2 a io ane a te " ~*~ % ee - ie me ™ y ¢ A yee oe —- @ Pon ree | lad ore eee wre er eat pete Cart ge Sept rae qeegt pave wre Me eee ol an aan heg~ ov ok on weir er Poel Ge ang pha” 
aot ey m ~ © . e Mans ° é ae o oe “04 oP apm ond ory cone Pr AEF BE FPA OOP GO ON AEF EL EP OO never <8 of reyetieee © Tet gS mal PRARING Aa Pca age ee LP Om 
ON anes boty My er a »* ~ aI ri ere a 5 Te De | Pal FO? Cog aw - Ke OX CU Pets st erika PRE eee ewe et ri gt Ee PTE lw a eae pie te ED ET GI EERIE IOS a ie 
~ <a ae died 7s eetied . ‘i « A = pers on a c en ewww oan eee —wer 7? - Op GOS? OP 2 FP AO eee ge GRY AE FETIP G” SO Er ot ype we er NE PO a a et an Em PO Pa ere -r en 
5 . P errs o “ a i arias em ’ -- oe ra _ ee ae A hd wee GP eRe ee re Or Fd 2k) eh th ale a Pode O Orage PtP Oe etry agate Gg gne gi 4 OPP OP yr ee eset 
= 5 ae gee or . . Ta ne we o > r owete s r ~ wt gee O¢ ota5O ote aro Sh ot fe aE Oe AOE AP OT) ee PPP BE ee OPAL POLE Py EA POA * FI: ae tata emtiel 
dante, “ Ge ~ - bd ae fede oe ee ee . ra fe ¢ en ee ous Feet Oe Pe atte ws 0 int arG POLO” PO RP FORE at fafa SO apart EN amerngpoes ear F pe eat Lag GS? IL PPP GAL A EGO ey eed 
n aa, ty te nO > ~~ . wit a $s ve -o78 a Lied eee rw FLY = SOLAR LEP O° OF & 9 OE ee he AO PRICE PIO IUGT Gener ae drei en er ae OTOP E MO LLL GOGO Bue F pe ete gt 
o ah eee Lag &, “ ~~ “= “ ms ¥ : ° aoe Pe POPE PEO WEEE Ct wd age Oe PO a tt te CFE POE” OO ti atrial ae Spee ih ta ality, BO gf GP EF aT oa ee 
c * ga 2 ‘ohwlae “ << ~ Se é Y ~ e 5 ~. Ff - a ewer w - mere? # aiid PP Oat OPO tee re Ow 50 GOO eta Be ge ER Rem ee PT a oe ee Ply PG. 00 hte te Le TEA FOL EE = emis « Cage Pat a 
a= — we ace = e aod worn ¢ rt ie f ow F nied Pe ee ee Fi Perm ore ’ AP ig gt POO Dae Fa gue AS sree ke LAP AID Me PLAID FP PO LA JET tow ree) ces 
. ai ae e ae 5 ee + ~ os een om oor * ope Gh OPP ME EOE OEE F SO OPT OE FOR PAIL. pgs 9a CO COO GOTT alge ae SH eh ae ge prey a NID IL & 
ee . —< » = byes omer “ r Pen we ¢ a rr ow sf aan eee Oe Og # at ort OMAN Pe A RE? GCE rece tA OE BP TE GaP? OA Se I nF eB PE OC ~ 
~ mesh —T my 0 Bete we >» en T ~ eu i % We fi - ° ar r P PE =” eer rr te iat oes 5 re Pe Fe OP ree rep bail FL OREO A PRE AOE ENS IAAT Me age wr monn wrntatgt ong 
= aga tah ae & 4 * «7 : wee ob » y ¥. 5 - hy ne ee ald fa - , we poner. Og vale i ith ROM Bars * Bagh I ED OAM TNE DS AE SOIT EL NOM LD + ea DO GAS Fe eT? o> Po aad jun 6, 
shee = a* pe ee ARS YON ren wr’ ‘ ee f ay wor @ m ¥ cS £ oer ¢ Pan rgd er? » Pe wR HF Rivka P tpt obeys # gil ge OOO Ae AP EPRI Sige AE ELE S TOPE morte amare Oa at 2 OUP? EP IO we 
* ~ awe % o* ~ Ve = : bY us w « -- = -F ¢ - o 4 a .¢e ad OPO PLEP OL AB GIL rere AA OE > 9 OP rit on hyn eo ag ONE Oe cnet peMNP eek PO PO LE OO Oe IS PLA AL OSS 
a are wre ne % 6 ne of £ A, a re © mae wpm e@ a OOS oh por aisrre itee ee 6 PP dey Kara? POR grag? LP 8 Ge a AIaTe! 00 FEES OOO wert 5s RE e CON BOO Pd EE SOR 2 A ee FPO LIII ITE 
ais a a : 7 a ; ne = Jus O rw ata: ¢ : gee oo foe # aes 2 Pus af ge ere Mead Seg rs ow dP TR ED 0 Wet Ae NITRO EE A FOS CRA ADA PO PS ite PREY ge RPL Ooh ee ee ee 
. ~ RN a et atted bat wert . . goes e re . e or . ‘ ore Kee eo See MHS OFT wines Brg TPT AOE PPL PETTITT Mage iene yT = emp tala ORME PM GRATE OP gS a PEP AAU ARE I Om Peta 
Lee . 7" a= % = a we en, w » ’ ¢ ¢ ae Fer es rome: Pe 08 tl Crt A Pa Ae OTE AP PIA IEP RR eT. eden Pe NG a PNG ID SINT REE PAIS AAI CIE Br DOIN 
| : * Siete ‘ pd a ee : —- - my & 4 =a eree-F- - oe « . ed ate eagerts FF ? ot OL OE Prat at = gige? SP IE te & epee © Rie ot Myr ae Seat ian ~ gape Se PUT i eyrE cary & S™0 * eee qe aerate -. SAR a te 
a nee SS | ae on ee EN patents Te drag eto paberp ees sae Ri acd es sip pe re Ms ant ~ ad or F oti ies did ree One aed oa pie : ate Ske pnoned r Ck nie Lirapharpeoyatentetinaet PAP OC AEE LIP ETT ON a ee Ah Oy Oo BED LAPT AIO PES 
< ars r yqemar’ Tt a te eS eyaee wns re Poe ee 4 feet “ Cheitied a fT ee at dept oi A RO Dita EGP nar AIO ISO mibpeitimieenneeeainaten-tarel 
~ Serer acer oe ape bn piece ~~ ap een’ =." peg aa = &Qr aw he bebe e * re Oy ee »* we LAA Sev me agent ra on - « - " ~ = 2 ene Me sehen Honmgrat oma” ean 6 rade # ened! pe reremns sr wresnpe ines srr cohen irae aero A cinemas 
a ae de pee ees noe eee a ney Cae MO OO a nar mn een ow TU eS ace ae +e y Ae at 9 ~ > a” ape  ™& or mF ay avd o wn ? ue o ’ a my DF Gelli Higa sinc [apeitdad ao ae ane aN in Lee 8: Ope OU rer seme © sche eerie ol FED Oe so” 
owes Sa re wepte age ple TT aidiadr tial a ee, earn te wee a . - bhai i> & i . “a * ore a a = rs . i! a ; 4 aS se ae ie e aor 2 SA a UE PE PE OREO 
SA ape aE SE aS a eg OE COT SO : ST EE enone mere a Some ant aiee be te Fn iclensent paren 
mee . pane TANS " Nog maen —) 1 ree OF ng cn 8% ww aegis P > aes ~ ns wath goer O® s ; oe 0 Ass pubs at O-2-9 er guyenk +P ers ean . é " poteciin soem eee os ies 
oe ne Ce Trent eat te - a ere oye oe pre dip aaper A wit my eR Pans "A ~~ .) wv . ¥ yam. yrewre = y 4 aN P ao a ¥ aw ¢ pres Me by 98 AP ARM OY Citak Sopery PEP OTOL: sreatbe rere Serene Sen esetertl sa pore 
a ote nie enee oar eS en geneete a EO ary are se ™ 7 eee yee a > ow >t Aly 2 bead 9 fe me . ‘ nme 7 Oo of ~4 Se > + Re i ip oeieed i f ee sb hati geet , Sona er Oe ee an ppc il ahi + See germ eee Es one 
_ pe ar tan, ye pay ra vee Ouse des rg, QBN SD enh aeons qr HAL en 2 : ty ty we - pi * : oA =e aks e Pax e . - * fits 9h wee vt Sree hasnshg o= Lonpides hae Pel patel te ON cea ann PPT IO ON PO FURR Oa RP y BAPE a Ee ato WH 
et pap Re Cte ae tyne grate poe seg vine ie r ae y eos a a2 0% ow nm Hh @ ae pee re ’ . a” ahi, a - a ea a ep re crepe @ se + emo x Sewe upiorted me wonper ar ar aaa saps Sepa onicaconmer an eneel aet Daa Aas rie an 
pam aS call ren mentee Fyfe EO TO : ~ ; . ~ nf . ; j eat : persis y : woo 
=a taal ena ee VON penn ery ane ee nba en ay -&, ae at a note ue ON Se hia poe . ee xe - wer ee ade ve tioned 2 RIN ny AES” 6° OVD oP OMG OOO Be BR Ao 8 pe OPT FONT DPA AIT SR OO a One SS LOS OP 
Spee ee ore ary ENN aes A, SY a AON N gaara fer BA, SA ear Aa v Ave Nob KUN IO peste . or es oe wy ed + SEO parse p SIND Oe AGP PT PRM h EMAC TS atietids MeN At) eo FO PALAIS T 09 wane et PAWS. POR ES news 
ee! Tp PED pie Yate iis pagqeeee prpaetee are UP UY + ey =o Sy sag tor page, . 4 me en 8 — i ~~ ws t play = fae P “ gus 2 newer air ore 20 emp gtere 0 oa SGC TETT TE FoF oe” ign POTION Re 6 ar Fl ate ald 00 9 DED GL St OI BOK GOI ore 
af paler ON died pT De en 20! = neuer ma! pe a wate nia eta ch AE OE A ewe 3 ~ ew on “i » Ss - ms - wi P ‘ ot we PPR ARP IND POE OF GP MPA EAP LR, opine a thee PBB ABO PA NOD FP PAO eect $O PLE LAT ALIN Fre ORE Pet Be Sh 
eo eee aie ~~ te 8 a ety oe an gv emmag erreste a OO HEY we tse ye qrarce hen °¢ aon gt . ere OH iy ON . ~ . ani pera d cre @ ff ger , PVE EL Ore OBE LO IE 0 IT FO FP IED oO RO PE BMAP PH RE pnt p pureed BNSSO IOS OT TAM we OIE SST 
a aye Ne og: ae SET 8 OF aaNet MS TER the BO a a ap A Ne EP OPO AIS 7s = » el a M . 4 ge te, - we hates os we sus ar IF are eS fe es Pwr ~oorg® £0 fet fegt eer igri yey Ae tne URS FS More mee RAE EAP ge IOP ODE ED 
Me yh eae’ ye ently ee ae ee ES qrareacesere “SP siete afew we EY a held eh van eye Bee Sox aei ws = * = can) - ve cre PBF 08 FE hat Peer PICT ns tt OREM 0 18 NS , RR ERY FOES whe 0 Fee Oe eH Pe Nt AO ORES SOLES OD I pe A TO SP inate 
Fang ser ee a qwewa Ut ark EN ny uo we © wan rh oa eae ogy erm cee p me eer erert —— am © - “ st we . ? 1 « 2 0 AS oO LAP EF sett PT PO OE ot Sia pe alton oh 1 OE ye OYE PPL PRA ft OE ri nen ee nd ie tet dina dp einctpdciaear aaah ar 
a ST Naty MeN Pa eae ee ag cee tone ee te a nen pais yt Op ne Ae Lyla * ro vi eso ef r r PO TN anita par at By ale EOS IE al daa eahnttaded tyrant hen PNT oN FOF A A fae ae Oop ANIA OOP I OSE te LO Gv PAIL A 7 
MRS RC eT awe eee re me nae Wiens he yarn Se am ee ey nea “* 5 toa ote The WETRPATUM BY OM oe = ~ ~ _ APRs # vter fe oem Fs ge a AFP MAP + Pri pari # qe ga - 1 MOE A Bg PLDI PLE FE ECE ee Oe eee a ry a aan PIO On Ve 
es al ath at a rene rua ESS Typ wees py o at ee mg eNO TEU NF ~~ rh a oie FER Ny HAWHAHM™ | x os ne Py vet é oi 2 rene BINS Am PGR. OI oo Frat oe fig whip Gage HAN AUT OR ERID © 1% Oak al iad LAD APPS BOO PLG he Wag HPO w Pe VR CO ASAE Sega pet SPIT ON 
nervous wae qoget NN Sry ae ey SN mea eeitere na eaeeg ee ULES 8 ~ ow Deen Te naa te Tipp lle tee * 4s" bs a % wn ’ - 7 ore “ aed od iia Pat p00 CARPAL SH11P 0 97 oF A OTE LES PANTO OE OO vate ieilhal act ait beans adhagnifeg POOP PP LEEOE LT OES: ON A ee rear STA So LPMt 
rcevery ey OS Mee pean pe pate SRST END aPPF0 oe eeees WS aren Cee ter ts aye a Te can, elas Se aeere “AO v adil el - ~ he OL r al ™~ ° "hala COO aI VED OP OE Ve HUMP HAO ETT aE operon er aes B rp hne~Ps BEING woes FAO PGE Fae POP ee wee PO Ped PES HP OO POE A Gia? EP ON # 
pegeairetl ey Oe Se ar Es hy egy er ty arta Pag TO eee owas ya ru’ met eS yoyo ee * plays bs be be nie ven? Ae geo ~ oe OR OO at PO TE ae PAG AOS ee UA ETE UF grat eb oe Sota f° OER 8 PD oo FOO BLUE OL OH ALLE FEED CATE OF PEER GOT eos 
pt te ta ee TS a pindil te trtitirline erat NTE gy eee a mene we ny peer ema erent, Mew S “ 1 BOAT ™ on 2 ree PLANE LR CIO OPEC GORE LODE LCF ETO PES FS CO BAA OG PE FOP PC LORIS IT prere Tuner aes eee" Sy pr PCO” LCE AT ALIENS PBL NL LOPES 
Ts tad saree ptr cere npg ane OI SIS Neha eee mere ayaa Oe ew ETN ae bere OR ~e ihe be spe ly: uel > 2 # eww * ne AS : tel payline gt tent reir ae oa shpat r ee Tita pena Santee OND ot Bor RAINY Manes are REE, Were AORTA LEA narparare 
eee a hed 8 rr at ee ag ae EY are ee ot eA TT es % ne ae ey wes seb ae =m — as at lie LiF ; ree eT Bt ae oft Pt dhe Lee © ms “ti pices py t= Po ee PAE! aeee Kotgestie4 Pspoiet met oe lam, repens eel ey 1) ao peathtatiiaatadidtied Peete een peer 
carry INR gree pepe Tape pinta ae Oe prUre eee TRA Ne 70" FT cli dd ted facto etl pte ee Sey % vay = 3 ee ~ ee pind pnp Jl OG Serpe dirt pe emneett 4 a en nen Laban ih Pa chien tat Ps erase Nhs tire Pr oN LEG AI PLE IIT OTD OS ONS 
pre ree Rg OUT eS I ey ETT Lad Fy eg rerenely eet anew ws TH er oats iar Seeweer Ne Sg . ~ . M sf vis “af 7 rs a es steels nematy Age oil prt pat Det a ad GG lt PAG e ER GUL OP OOS OF ae ea TEN Pie ee Cit ad tr PTO TOES OM 
. roan cant a a vi year ere re we Sep Swart Parte Narra art merry. b Amehee am et ied pas od 7 ak eh pe ¥ Pes f Ps & Orde ods cme, ol gs bles digo " af vd os de didn ed ae OO 4: PO HL ew ae ie eee OF pepe sere Has Den ra SDS CATT ETT PONIES A OT 
meee 001? OES uk ar nT Cech gr eaten Xen eveey Te Pee RA CTU pe ne pater a ay ip p-o-ts r e “ es or r¢ r it paperesly OO age tence Rb segs cyte a pupiglety ‘d Capea a Oe hemor: rg iar ar pl apr a Racks RY PC tne rae nee Oe 
pa og IE pep A abet mints SN each oA ct Tata sees a eeyn eet aw PT ee EYE ~ Fe a . im ce 7 — 48 6 ‘ P > «4 ’ Cw f e ae ve a ate ; — dtp Pt PP oo? Pw aw wo ys Spe eG AFF gee #4- ee ar? Fe PON PLN PL LEM ETI oy = PA SA SPOS 2 LORI 
eet ce rae ee ery TL a Ur Fe alte tet ede aera ay AFUE eg en As SRA 0 UMM GY AL a am ate © 4 40 . ¢ ae) . — se hai Sie Ps Fie gps ain gemsageeg st ptndar gp FS Oo ee ear oe ap aaa ars COI A Oe ee omar © 0 Where wre nan tee CRONE RENMEI E a clings 
perenne nane Ee lhe 0 NUON pal teavwer we anes METU MH S eee Mpa ate athe TEAR 2 Pula Fo ASUS NS SEY ae nf 0 Oe et Ae BRIS ral 18 . “e » A gs oth Barto d BN ee poe pnt e Aealeaeaaae? 7 abs et ent rtdichecrn gage PG jpange-ad FOYT PANE OND IT Fe ONO ON Pt MEP APA RS TOPO E S es 
naa we Sparta eee We te BAR tt Hn et eT eniten entete Healey VATA VT Mee yey Aree The WAS NET ai, 2 Sst Do RA r Ad ‘ ee AMALIE NPN Mne OO etter + Ee OS we at aan False a ere Mat A he IS PIPL LA AL tadetaiphy Wea ited ih Ai fo nt IEA Y SAIL Fenty OP OE I 
ye ~ererate Sete TN ‘ pane ru’ A PE So tea r ott Ce armere OF ate Reese LOD HY a A 2 > Aerts repr: wuaew art gt we ve pNiat Outta Spree FAT EB Ade GeO On Pe ld con he hadnt RAS: 0 POOP ED CAE OAL PENG OTD TO PE rg tr ene rere 
Cer nro al axing na rages versed MF MNY ch ind or age TIER er rk RIVE A PUTN OTN i te vie’ \ ’ , ™ - wy fipgie Meer Ops F oP ase eride Gl Cah Li tigl.p: MUTI VS A UT raat mee hae Cee Ot me rel EW RELIY I~ OCT IE & ee! ear he ds ae feta yeas Pe pee ree Ft 
artes Pe oe ira Fen oe ee Uy EGE ee nyt LT ee ‘. : SPOON Bare UWA AW MET WA 024 We Se HE ERY Roe Ne OE ‘ * ur * if at ed ets ard Noa rows reese si foal? caintahnd phar Ratan fay are 4 came Sue plese tan 7 ORTPIME E OTST SINE « VOSS VO 
~~ Enh TH * orn ¥ ~~ rf % . b) ¥ AP oe Bg BP OI SEP Dt PF A ROW FSO Pr A 
e =, fart, wre % Qe. “AN a i - walter ' - | ’ 2% @ - PGW a pe Beet he gibe o0 et Bid) IRR" A Ligier ga guage ite tei Tbs 08 NPA OE Eee (0 el RG ROS OF. 
o x wea _ - waer wa she or et RH of Pehle? of yet eh Mit Fen K yar es S60 e Dona be See Mp a Se ETE EOF Ce eed ere) oPve oer han ot pte REE NERS 
nt So aes et LOAD 9 NS UP ae et Di the 2 CO UTE ER ores Fane ont: ge pec eee Oa are Ca taine-# UE 0 FOr Re we ™ gee arr 
a ern hy # bee wr em pte PAVE SPAN Veer eS ee ay BARRE we ee ee ras eae 2 e'® ah rwe 
an en cain abi Wary ETE e CET SALAS (freating > 609 ge OE ETN Bi POF E eh hatte 
eta nie ee pa aren mene CERRO CATE OO FE 





